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This dissertation describes the Chemistry of Group 8 Metalloporphyrins and 
related compounds. Chapter one describes linkage isomerization in NOx-coordinated 
metal complexes with emphasis on Group 8 metals, and part of this work was published 
in the series Advances in Inorganic Chemistry, Vol. 47. As already noted in the 
published work, the binding of small molecules such as nitric oxide (NO) to metals 
often imparts varied chemistry to the small molecules. Such chemistry is dependent on 
the coordination mode of the small molecule ligands, as the coordination mode affects 
the electronic distributions along the ligand atoms. In chapter one, the current 
knowledge of the linkage isomerization of NOx ligands in metal complexes is outlined 
for both non-porphyrin and porphyrin systems. The modes of preparation and detection, 
and speculation on the consequences of such linkage isomerization on the resultant 
chemistry, are presented. 
Chapter 2 describes the synthesis and redox behavior of the complexes 
(por)Ru(NO)(OR) (por = porphyrin, OR = alkoxide, carboxylate). These systems serve 
as potential structural models for the NO-inhibited heme enzyme catalase that contain 
(por)Fe(OR) active sites. The (por)Ru(NO)(OR) compounds were characterized by IR 
and 1H NMR spectroscopy, and by X-ray crystallography. The X-ray crystallographic 
data reveal that the RuNO linkages are linear for these formally {RuNO}6 species; for 
comparison, the (por)Ru(NO)Cl (por = OEP,T(p-OMe)PP) compounds also have linear 
RuNO bonds, whereas the related compounds (T(p-OMe)PP)Ru(NO)Et (∠RuNO = 
153.4(5)°) and (TTP)Ru(NO)(C6H4F-p) (∠RuNO = 152°) have bent RuNO moieties. 





concomitant bending of their trans RuNO units. Cyclic voltammetry and IR 
spectroelectrochemistry reveal reversible oxidations centered on the porphyrin rings in 
most of these (por)Ru(NO)(OR) complexes, a finding that supports the generation of 
porphyrin π-radical cations in oxidized natural (por)M(NO)(O-ligand) systems. The 
electrochemical reductions result in the eventual dissociation of the axial O-ligands with 
concomitant generation of the putative and unstable (por)Ru(NO) byproducts. 
In Chapter 3, I explore the relationship between the stereochemistry and spin-
states of a set of (por)Fe(OR) (R = aryl, alkyl) complexes using X-ray crystallography 
and solution measurements. The magnetic susceptibility data obtained by the Evans 
method show that most of these complexes are mainly high-spin species. X-ray crystal 
structures of these five-coordinate complexes show that the compounds are square 
pyramidal with axial O-bound ligands. The Fe−O bond lengths are ~1.9 Å and the Fe−N 
bonds are ~2 Å. The iron atoms of these compounds are displaced >0.3 Å above the 24-
porphyrin atom mean planes. The crystallographic data support the high-spin properties 
observed in solution for these complexes. In some of the complexes, however, the X-ray 
crystal structures show severe distortion of the porphyrin macrocycles. Magnetic 
susceptibility measurements of those distorted porphyrin macrocycles show that they 
exhibit admixed spin-state properties in solution. The CV and IR 
spectroelectrochemistry of representative examples of these complexes show 
irreversible oxidations and reversible reductions. Furthermore, some of the five 
coordinate (por)Fe(O-aryl) and (por)Fe(O-alkyl) complexes in the powdered form react 
with NO to generate the six-coordinate (por)Fe(NO)(OR) compounds. A comparison of 





shows a trans influence of NO on the axial ligands, and this has been confirmed by 
DFT calculations. Finally, IR spectroelectrochemical experiments of a representative 
six-coordinate compound suggest a porphyrin-centered oxidation with electroreduction 
being accompanied by NO release.  
In Chapter 4, I report on the preparation and characterization of some iridium 
phosphine complexes and I examine the reactivity of such complexes with small 
molecules. I present the reactivity of these complexes with alkyl nitrites leading to the 





Chapter 1: Linkage Isomerization in Metal complexes* 
1.1 Introduction 
The interactions of ambidentate ligands with transitions metals have often 
resulted in complexes with very interesting chemistry. For example, the complex 
[(NH3)5Co(NO2)]Cl2, first prepared by Jӧrgensen
1 in 1894, contains the ambidentate 
ligand NO2 and the complex exists in two forms. Crystalline solids obtained for this 
compound showed a mixture of two different colored species; yellow and red, which 
were readily isolated with a pair of tweezers.1 Later, Werner identified these two 
species as isomers arising from the different modes of binding of the NO2 ligand to Co, 
either via the O or via the N atoms. This resulted in the birth of the concept of linkage 
isomerization in 1907.2 About five decades later, Penland provided infrared 
spectroscopic data to show that the yellow [(NH3)5Co(NO2)]Cl2 complex had NO2 
bound to Co via its N atom, and the red isomer had NO2 bonded to Co via the O atom.
3 
By way of definition, linkage isomerization may be defined as the existence of two or 
more species that have the same molecular formula, and the same bonding ligands, but 
differ in the mode of attachment of at least one of the ligands (usually ambidentate) to 
the central atom. 
Linkage isomerization in complexes containing several other ambidentate 
ligands including those of SCN−, SeCN−, CN−,4-6 and NO5,7 has been reported. We wish 
to limit this review to linkage isomerization in NOx complexes and to provide current 
knowledge in the area of linkage isomerization partly because of the myriad of  
______________________________________________________________________ 
* This work has been published as a book Chapter in Adv. Inorg. Chem. 2015, 67, Chapter One pp. 1-86. 




applications and relevance of NOx complexes. There are only a handful of recent 
reviews in the literature on linkage isomerization in NOx complexes, including a review 
by Coppens and Novozhilova on photoinduced isomerization,7 and a more recent forum 
paper on NOx linkage isomerization in porphyrin complexes.
8 This review covers 
linkage isomerization deriving from isolable metal complex precursors. Thus, we will 
not cover the systems involving laser ablated atomic systems.9 
The importance of linkage isomerization has been highlighted in a number of 
reviews.8,10,11 A good understanding of the various modes of binding of an ambidentate 
ligand, and factors that influence these modes of binding will provide more insight in 
the kind of chemistry they present. For instance, nitric oxide (NO) is known to bind to 
the iron center of a heme enzyme to carry out its function as a hypotensive agent.12-14 
An increased knowledge of Fe−NO coordination has helped in designing better NO-
releasing drugs for treatment of hypertension, as in the case of sodium nitroprusside 
(SNP).15,16 Recently, a book chapter was dedicated to a review on medical application 
of solid NO complexes.17 Also, the chemistry of NOx complexes is relevant in 
understanding the mechanism of the denitrification process that forms part of the global 
nitrogen cycle,18-21 and in understanding the action of the metal-dependent reduction of 
nitrite.22 
NOx species are generated by combustion processes in industries and 
automobiles, and may be produced naturally by lightning strikes. This has led to a rising 
interest in finding improved catalysts for removal of these toxic gases from the 
atmosphere.23-25 In addition, and more recently, metastable linkage isomers of NOx 




applied in ultrafast optical switching and storage devices.26-31 Recent work by Schuy,32 
Cervellino,33 and Tahri 34 have shown how the nitroprusside anion [(CN)5Fe(NO)]
2− 
could be incorporated into silica gel pores to generate its corresponding linkage isomer 
for potential use in optical devices. Photoinduced linkage isomerism, Schaniel et al. 
have noted, is known to modify the polarizability of [(CN)5Fe(NO)]
2− so as to cause a 
macroscopic change of single crystal refractive index according to the Lorentz-Lorenz 
equation.27 
 
1.1.1 Modes of binding of NOx moieties in monometallic complexes 
1.1.1.1 Nitric oxide (NO) complexes 
NO is a colorless monomeric gas which is biosynthesized by the enzyme nitric 
oxide synthase (NOS).35 NO is known to bind to transition metals in three main ways. 
The first is via the N end of the molecule to form the linear (Fig. 1.1 Ia) and bent (Fig. 
1.1 Ib) nitrosyl (η1-NO) modes, or via the O end to produce the isonitrosyl (η1-ON) 
linkage isomer (Fig. 1.1 Ic).36 Isonitrosyl complexes of SNP,37 and some ruthenium 
nitrosyl complexes were detected in the solid state as metastable species just less than 
two decades ago by Coppens and coworkers.38 The third mode of binding is the side-on 
NO (or the η2-NO) binding mode to a metal as shown in Fig. 1.1 Id. Complexes 
containing this mode of binding were first demonstrated by Coppens and coworkers for 
their metastable SNP species.37 Side-on NO species were obtained as short-lived species 
from photolysis of (OEP)Ru(NO)(O-i-C5H11) and (OEP)Ru(NO)(SCH2CF3) porphyrin 
complexes.39 Theoretical evidence for the existence of the metastable modes of binding 










1.1.1.2 NO2 Complexes 
The binding modes of NO2 have been reviewed by Hitchman and Rowbottom.
44 
Relevant to us in this review are the three nitrite binding modes shown in (Fig. 1.1 IIa-
c). These are the N-nitro, O-nitrito and the O,O-bidentate modes. The N-nitro mode has 
the nitrite ligand bound to the metal via the N atom (Fig. 1.1 IIa). This appears to be the 
most common binding mode of NO2 in its complexes, thus this binding mode is usually 
referred to as the ground state binding mode for nitrite, although clearly this is an 
oversimplification. In the nitrito binding mode, NO2 is bound to the metal via the O 
atom as shown in Fig. IIb. Finally, in the O,O-binding mode, both oxygen atoms of 
nitrite are bound to the same metal to give an η2-NO2 configuration as shown in Fig. 1.1 
IIc. 
 
1.1.1.3 NO3 Complexes 
There are two common binding modes of the nitrate (NO3
−) ligand. The first is 
binding via one oxygen atom to give the O-nitrato form (Fig. 1.1 IIIa) and the second is 
binding through two NO3 oxygens to give the O,O-bidentate configuration (Fig. 1.1 






48 Some examples of the O,O-bidentate binding mode in NO3-
coordinated metalloporphyrins include (TPP)Fe(NO3)
49,50 and (TpivPP)Fe(NO3).
51 A 
review article on the coordination chemistry of the nitrate ligand was published in 1971 





1.1.2 Methods that induce linkage isomerization 
Linkage isomerization in a complex usually requires an induction source. Such 
complexes have been generated as short-lived species, and in some cases, as long lived 
species by different methods. The first linkage isomer was photochemically generated 
by exposing samples of [(NH3)5Co(NO2)]Cl2 to sunlight.
2,53 Several linkage isomers of 
different metal complexes have been obtained by photoinduction using light sources in 
the UV-vis region.7 Another means of obtaining linkage isomers is by thermal induction 
as in the conversion of the nitrito isomer of [(NH3)5Co(NO2)]Cl2 to the nitro isomer by 
warming3 There are reports on the thermally-induced linkage isomerization in some 
nickel complexes.54,55 In addition, sometimes changing the trans ligand and/or the other 
cis ligands in a complex may influence the mode of binding of an ambidentate 
ligand.56,57 
 
1.1.3 Techniques for detecting linkage isomers 
The first linkage isomer was spectroscopically characterized by Penland et al.3 
Some metastable linkage NOx isomers have been detected via low temperature IR,
39,58 
Raman spectroscopy, Mossbauer,59,60 UV-vis, and NMR spectroscopies.61,62 Current 
detection techniques include photocrystallography,7,63-67 and differential scanning 
calorimetry (DSC).68-70 DFT calculations have been invaluable in explaining the 
preferred modes of binding of the ligands in these complexes, as in the case of the 





1.1.4 Factors that affect linkage isomerization 
The factors that affect linkage isomerization of ambidentate ligand complexes of 
transition metals have previously been reviewed by Baluhura and Lewis,72 some of 
these factors are summarized here.  
First, the HSAB property of a metal can help predict in a simplistic sense which 
mode of binding to expect in a given complex (Fig. 1.2).73-75 
 
 
Figure 1.2. The periodic table showing metals (shaded) whose complexes have been 
reported to undergo linkage isomerization. 
 
As a general rule of thumb, soft metals have the tendency to bind well with soft 
ligands and hard metals tend to form stronger bonds with hard ions.74,76 However, the 
borderline metals are more prone to linkage isomerization because of the potential for 
various oxidation states, and thus, the different characters they exhibit.72,76,77 The other 
ligands bound to the central metal in any complex also influence the mode of binding of 





Any ligand that tends to decrease the positive charge on the metal or tends to 
increase the negative charge on the metal increases the tendency of the metal binding to 
the soft end of the ambidentate ligand.73 For instance, in the complex 
[(Bim)3Fe(ONO)]
+ ((Bim)3 = tris(2-benzimidazolylmethyl)amine) the nitro group is 
reported to be O-bound to Fe (Fig. 1.3a) as evidenced by both IR spectroscopy and X-
ray crystallography (Fig. 1.3).78 In the related complex [(PyN4)Fe(NO2)]
+ (PyN4 = 2,6-
C5H3N[CMe(CH2NH2)2]2) NO2 is N-bound as shown by IR spectroscopic data.
79 The 
ligand PyN4 ligand is a better electron donor than (Bim)3 such that Fe becomes 
relatively less positive in [(PyN4)Fe(NO2)]
+ to the extent that it has a better affinity for 





Figure 1.3. Comparison between the different modes of NO2 binding in two Fe 
complexes: (A) [(Bim)3Fe(η
2-ONO)]+ and (B) [(PyN4)Fe(η
1-NO2)]
+. The ligands Bim 
and PyN4 influence the mode of binding in NO2. IR data in parenthesis are for the 
15N-
labeled NO2 derivatives. 
 
The size of the other ligands in the complex can also influence the mode of 




may be preferred when the other ligands are bulky. It must be emphasized that in 
[(Bim)3Fe(ONO)]
+ and [(PyN4)Fe(NO2)]
+ above, the (Bim)3 and PyN4 ligands, 
respectively, have comparable size around Fe to allow either mode of NO2 binding and 
that steric factors do not appear to play a significant role in influencing the mode of 
NO2 binding. 
 
1.2 Linkage isomerism in non-porphyrin NOx complexes 
1.2.1 Group 6 (Cr and Mo) complexes 
1.2.1.1 NO Complexes 
The NO complexes of chromium that have been reported to date exist in the 
nitrosyl forms. In coordination complexes in particular, several compounds of 
configuration {Cr(NO)}5 have been isolated; these have been reviewed recently.80,81 In 
a 2005 review, Ford and coworkers noted that photolysis of some Fe, Mn, and Cr 
nitrosyl complexes often leads to the dissociation of the nitrosyl ligands.82 For example, 
photolysis of the [(H2O)5Cr(NO)]
2+ complex under anaerobic conditions, and in the 
absence of trapping agents led to the dissociation of the NO ligand (Eq. 1.1). This 
process was determined to have a reverse rate constant, kon of 2.5 x 10









 The compound Mo(dppe)(CO)(NO)(S2CNMe2) (dppe = 1,2-bis(diphenylphos-
phino)ethane) is an octahedral complex and is light-sensitive in solution.84  
 Irradiation of an acetonitrile solution of Mo(dppe)(CO)(NO)(S2CNMe2) (Fig. 
1.4) with light of λirr = 546 nm resulted in the dissociation of the NO ligand with a 
quantum yield of 0.018.84 However, irradiation of the related compound 
Mo(dppe)(CO)(NO)(S2CNEt2) in frozen matrices at low-irradiation wavelengths 
resulted in the generation of η2-nitrosyl linkage isomers (Fig. 1.5).85 
 
Figure 1.4. Structure of Mo(dppe)(CO)(NO)(S2CNMe2). 
 
 
Figure 1.5. Linkage isomerization in Mo(dppe)(CO)(NO)(S2CNEt2). 
 
Bitterwolf followed the photogenerated products (6.3% conversion) formed 
during the photolysis (330 < λirr < 400 nm) of Mo(dppe)(CO)(NO)( S2CNEt2) (νNO 1578 
cm-1, νCO 1904




cm-1 and 1864 cm-1 (Fig. 1.6 I). The IR band at 1216 cm-1 was assigned to the side-on 
η2-NO isomer of Mo(dppe)(CO)(NO)(S2CNMe2); this band shifts by Δν = 362 cm
-1 
from the starting parent  compound. The second band at 1864 cm-1 was assigned to νCO 
of the product; this band shifted by 40 cm-1 from the parent compound (Fig. 1.6 Ia 
top).85  
 
Figure 1.6. (Top): Difference spectra of Mo(dppe)(NO)(CO)( S2CNEt2) (I): (a) 10 min 
photolysis (330 nm < λirr < 400 nm) minus starting spectrum; (b) 10 min photolysis (λirr 
= 550 ± 35 nm) minus 10 min photolysis (330 nm < λirr < 400 nm)  (Bottom): 
Difference spectra of [(dppe)Mo(NO)(CO)3]PF6: (II) (a) 10 min photolysis (λirr = 400 ± 
35 nm) minus starting spectrum; (b) 10 min photolysis (λirr = 400 ± 35 nm) minus 10 
min photolysis (λirr = 450 ± 35 nm); (c) 10 min photolysis (330 nm < λirr < 400 nm) 






Bitterwolf also observed that the photolysis of the [Mo(dppe)(CO)3(NO)]PF6 
complex in a PVC film (λirr = 400 ± 35 nm) yielded both the η
2-NO and the isonitrosyl 
(O-bound) isomers with new observed bands at νNO = 1406 cm
-1 and νNO = 1632 cm
-1, 
respectively (Fig. 1.6 II, bottom). The two photogenerated linkage isomers of 
Mo(dppe)(CO)(NO)(S2CNEt2) and [Mo(dppe)(CO)3(NO)]PF6 reverted to their 
corresponding starting nitrosyl isomers upon back photolysis using λirr = 550 ± 35 nm 
and 330 nm < λirr < 400 nm, respectively.
85 
 
1.2.1.2 NO2 complexes 
The NO2 complexes of Cr exist in the nitrito conformation and several nitrito 
complexes of cyclam derivatives 86 and amine derivatives 87 have been reported. An 
example is the trans-[Cr(mbc)(ONO)2]BF4 (mbc = 5,7-dimethyl-6-benzylcyclam) 
compound whose structure is shown in Fig. 1.7.86 
 
 







The Cr−NO2 complexes reported to date do not appear to isomerize under 
photolysis conditions, but can decompose with release of NO when irradiated with 
light.88 However, the complex CpCr(NO)2(NO2) (Cp = cyclopentadiene) prepared by 
metathesis of CpCr(NO)2Cl with NaNO2 in methanol, exists in both the nitro and nitrito 
forms in solution (Fig. 1.8), with the nitrito isomer favored both in solution and in the 
solid state.89 The equilibrium is temperature-dependent as determined by 1H NMR  
 
 
Figure 1.8. Preparation of the two isomers of CpCr(NO)2(NO2). The nitrito isomer is 
the major product.  
 
spectroscopy, with the nitrito isomer favored at high temperatures (ΔHeq = 1.8(3) kcal 
mol−1; ΔS = 9.3(9) eu).89 In addition, 1H NMR and quantitative IR spectroscopy 
indicate an equilibrium ratio of 5:1 (nitrito: nitro) mixture of CpCr(NO)2(NO2).   
The peaks in the IR spectrum were used to differentiate the two products with 
the nitrito isomer showing bands due to the "NO2" group at 1425 and 1048 cm
-1 and the 
minor nitro isomer displaying bands at 1385/ 1325 cm-1. The X-ray crystal structure of 
the nitrito isomer was previously reported by Pasynskii and coworkers.90 The X-ray 
powder diffraction data collected by Hubbard and coworkers for a finely-ground sample 
of CpCr(NO)2(NO2) showed, in addition to the major nitrito isomer, additional features 





1.2.2 Group 7 (Mn and Re) complexes 
1.2.2.1 NO complexes 
Bitterwolf has studied the effects of light on linkage isomerization in some metal 
(Mn, Re) cylopentadienyl dicarbonyl nitrosyls of the form [CpM(CO)2(NO)]
+ (M = Mn, 
Re) and [(MeCp)Mn(CO)2(NO)]
+.91 Fig. 1.9 shows the complexes that were 
investigated and illustrates how the photoinduced products were generated. In a typical 
experiment, the sample was dissolved in a triethyloctylammonium hexafluorophosphate 
solution and frozen to ca. 90 K in a glass cryostat and the IR of the sample was taken. 
The frozen matrix was then subjected to light of a set wavelength and the IR spectral 
data collected again to obtain difference IR spectra. 
For [CpMn(CO)2(NO)]BF4 (A in Fig. 1.9), continuous irradiation of the sample 
(λirr = 450 ± 35 nm) for 10 min was required to detect the isomerization  
spectroscopically. The difference IR spectrum obtained during the photolysis of 
 
 
Figure 1.9. Photoinduced linkage isomerization in [(CpM(CO)2(NO)]BF4 (M = Mn, 
Re). 
 
[CpMn(CO)2(NO)]BF4 showed two new bands (1726 and 1549 cm
-1) which are in the 
range of NO vibrations. Clearly these bands appear at lower frequencies than the νNO 





ΔνNO = 311 cm
-1, respectively and implying the possibility of NO linkage isomerization. 
The latter shift of ΔνNO = 311 cm
-1 is an indication of linkage isomerization from a 
nitrosyl configuration to the side-on NO linkage isomer.92 The lower magnitude shift 
(i.e., ΔνNO of 134 cm
-1) was suggested by Bitterwolf to have originated from the linkage 
isomerization from the nitrosyl to the isonitrosyl isomer.91 
The analogous Re compound, [CpRe(CO)2(NO)]BF4, (B in Fig. 1.9) behaved 
similarly showing new νNO bands at 1707 (ΔνNO = 117 cm
-1) and 1460 cm-1 (ΔνNO = 364 
cm-1) for their respective isonitrosyl and η2-NO isomers when the starting compound 
was irradiated with UV light of wavelength 400 ± 35 nm.91 There were small shifts in 
the νCO bands of [CpMn(CO)2(NO)]BF4 to lower wavenumbers on moving from the 
ground state isomer to the photogenerated isomers suggesting that the NO linkage 
isomers were not as strong π acids as the ground state ligand. 
Further, Bitterwolf also observed that during photolysis of a sample of [(Me-
Cp)Mn(CO)2(NO)]PF6 (νNO = 1812 cm
-1) with UV light λirr = 450 ± 35 nm, in addition 
to the new isonitrosyl band at 1716 cm-1 in the difference IR, two other new distinct 
NO-related bands were observed at 1522 and 1506 cm-1. The two latter bands were 
assigned to the νNO of the η
2-NO conformation of [(MeCp)Mn(CO)2(η
2-NO)PF6] which 
probably exists as a pair of rotamers that arise due to the different orientations of the η2-
NO ligand relative to the cyclopentadienyl ring. In one instance the η2-NO ligand is 
parallel to the cyclopentadienyl ring, and it is perpendicular in the other.91 Such rotamer 






Schaniel observed the formation of an η2-NO isomer as a photogenerated 
product species from photolysis of K3[Mn(CN)5NO]·2H2O (Fig. 1.10).
95 At 80 K,  
 
 
Figure 1.10. (a) Linkage isomerization of [Mn(CN)5NO]
3−. (b) Infrared spectrum of 
K3[Mn(CN)5NO]·2H2O in GS and after irradiation with 325 nm light at T = 80 K. The 
insert shows the new peak assigned to the side-on linkage isomer SII. Reproduced in 
part from ref. 95 with permission of The Royal Society of Chemistry. 
 
approximately 1% of the ground state K3[Mn(CN)5NO]·2H2O (νNO = 1733/ 1743 cm
-1) 
species isomerized to the side-on isomer after light of λ = 325 nm was applied; the IR 
spectrum of the photogenerated product showed  a new band at 1399 cm-1 attributed to 





1.2.3 Group 8 (Fe, Ru and Os) complexes 
1.2.3.1 NO complexes 
One of the most widely studied iron nitrosyls is the nitroprusside anion 
[(CN)5Fe(NO)]
2− (Fig. 11). Since its first report in the literature by Playfair in 1848,96  
 
 
Figure 1.11. The nitroprusside anion. 
 
several researchers have taken a keen interest in further investigations on its structural 
properties as well as its industrial and biological applications.13,16,32,34,97 There are 
reports on the X-ray crystallographic structure of the nitroprusside98 and spectroscopic 
characterization of its Ru and Os analogues with varying counter ions.99 The application 
of X-ray crystallography for the determination of metastable species of the nitroprusside 
anion100 was recently featured in American Chemical Society's Chemical & 
Engineering News magazine.101 
The detection of the photogenerated metastable isomers of the [(CN)5Fe(NO)]
2− 
complex by Mössbauer spectroscopy was reported by Hauser in 1977.59,60 In a 
definitive study, Coppens and coworkers identified the metastable species by X-ray 
crystallography as the [(CN)5Fe(η
1-ON)]2− and [(CN)5Fe(η
2-NO)]2− nitrosyl linkage 
isomers (Fig. 1.12).37 Their IR spectroscopic work showed a decrease in the νNO from 
1950 cm-1 for the nitrosyl isomer to 1666 cm-1 (ΔνNO = 284 cm




latter band to the side-on isomer. Another band was observed at 1835 cm-1 (ΔνNO = 115 
cm-1) and was assigned to the isonitrosyl isomer.37 
 
 
Figure 1.12. ORTEP plots of [(CN)5Fe(η
1-ON)]2− and [(CN)5Fe(η
2-NO)]2− at 50 K; 
50% probability ellipsoids. Adapted with permission from ref. 37 Copyright 1997 
American Chemical Society. 
 
Güida and co-workers performed 15NO, N18O, and 54Fe isotope labeling IR 
spectroscopic studies on the linkage isomerization of [CN)5Fe(NO)]
2− induced by 
photolysis.102 They subjected the ground state [(CN)5Fe(NO)]
2− complex (νNO = 1943 
cm-1) to a 488.0 nm Ar+ laser at 77 K and observed a new isotope sensitive IR band at 
1834 cm-1 which was assigned to the isonitrosyl linkage isomer, [(CN)5Fe(η
1-ON)]2−, a 
shift of ΔνNO of 109 cm
-1 from the ground state precursor. On the other hand, photolysis 
using 514.5 nm Ar+ laser at 77 K afforded the [(CN)5Fe(η
2-NO)]2− linkage isomer that 
could also be generated by irradiation of the η1-ON isomer with a Nd:YAG 1064 nm 






Figure 1.13. Linkage isomerization of [(CN)5Fe(NO)]
2− after photolysis. 
  
Schaniel and coworkers studied the properties of the photoinduced η1-ON and 
η2-NO isomers in Na2[Fe(CN)5NO]·2H2O embedded in mesopores of silica xerogels by 
X-ray diffraction, steady-state low-temperature absorption, nanosecond transient 
absorption spectroscopy, and IR spectroscopy.34 They determined that the electronic 
structures and activation energies of these η1-ON and η2-NO isomers were not 
dependent on the particle size (statistically distributed molecules or nanoparticles) and 
as such the isomers were essentially quasi-free inside the pores of the gel.34  
We note that the related Ru complex Na2[(CN)5Ru(NO)]
103 and the Os complex 
Na2[(CN)5Os(NO)]
104 also exhibited linkage isomers after photolysis, producing their 
respective η1-ON and η2-ON linkage isomers as evidenced by their IR spectroscopic 




Table 1.1. IR spectral data (νNO) of some transition metal nitrosyl complexes and their 
linkage isomers.  





Mo(CO)(NO)(dppe)(S2CNEt2) 1578  1216 (362) 
85 
[Mo(CO)3(NO)(dppe)]PF6 1740 1632 (108) 1406 (334) 
85 
[CpMn(CO)2(NO)]BF4 1860 1726 (134) 1549 (311) 
91 
[(MeCp)Mn(CO)2(NO)]PF6 1812 1716 (96) 1522 (290) 
1506 (306) 
91 
[CpRe(CO)2(NO)]BF4 1824 1707 (117) 1460 (364) 
91 
Na2[Fe(CN)5(NO)]·2H2O 1943 1834 (109) 1666 (277) 
92,102 
Na2[Ru(CN)5(NO)]·2H2O 1932 1847 (85) 
1839 (93) 
1835 (97) 
1648 (284) 103 
K2[RuCl5NO] 1921 
1909 




a 1893 1768 (125)  106 
[Ru(NH3)5(NO)]Cl3 1955 1823 (132)  
107 
[Ru(NH3)4(NO)(OH)]Cl2 1847 1716 (131)  
107 
trans-[Ru(Hox)NO(en)2]Cl2 1900 1763 (137)  
108 
cis-[Ru(Hox)(en)2NO]Cl2·EtOH 1917 1796 (121)  
108 
cis-K[Ru(ox)2(en)NO] 1881 1779 (102)  
108 














trans-[Ru(H2O)(en)2NO]Cl3 1904 1786 (118)  
109 
[RuCl3(en)NO] fac and mer 1865 1728 (137) 
1744 (121) 
 109 
Na2[Os(CN)5(NO)]·5H2O 1897 1790 (107) 
1788 sh 
(109) 
1546 (351) 104 
Abbreviations: dppe , 1,2-Bis(diphenylphosphino)ethane; ox, oxalate ion; en, ethylenediamine; fac, 
facial; mer, meridional. ΔνNO, difference between νNO of ground state isomer and νNO of corresponding 
metastable state. 
  
Isonitrosyl η1-ON linkage isomers have been observed during the photolysis of 
other ruthenium nitrosyl complexes such as [RuX(en)2(NO)]










3+, 109 and both the η1-NO and η2-NO linkage 
isomers have been observed in [RuCl5(NO)]
2− (Table 1.1).105 
Recently, Woike and coworkers performed structural analysis on the two 
photoinduced linkage isomers of [Ru(py)4Cl(NO)](PF6)2·0.5H2O using 
photocrystallography.110 Irradiation of a crystal of the ground state 
[Ru(py)4Cl(NO)](PF6)2·0.5H2O compound by a laser (λ = 473 nm) at 80 K resulted in a 
92% conversion of the NO ligands from Ru−N−O (η1-NO) to the Ru−O−N (η1-ON) 
configuration. Upon further irradiation of the generated η1-ON isomer with λ = 980 nm 
light, 48 % of the side-on (η2-NO) isomer was produced (Fig. 1.14). The half-lives  
 
 
Figure 1.14. Linkage isomerization in [Ru(py)4Cl(NO)](PF6)2·0.5H2O. 
 
for the η1-ON and η2-NO isomers were determined to be 5.9 x 1019 s and 3.7 x 107 s, 
respectively, at 110 K. However, at temperatures above 200 K, or irradiation with light 
in the red spectral range, these metastable isomers reconverted to the ground state 
nitrosyl isomer.110  
In addition to the isomerization of the NO ligand from nitrosyl to isonitrosyl, 
and then to the side-on isomers, X-ray crystallographic data of the parent and linkage 




bond and the equatorial Ru−N bond distances in the linkage isomers. The Ru−O−N 
bond angle remained linear in the η1-ON isomer. Woike and coworkers also performed 
DFT calculations that supported the experimental observations by X-ray 
crystallography. 
Cormary et al.111 used IR spectroscopy and single-crystal X-ray crystallography 
to study the effects of counterions, trans ligands to NO, and equatorial ligands on the 
linkage isomer conversion efficiency of a series of [RuX(NO)(py)4]Y2·nH2O (X = Cl 
and Y = PF6, BF4, Br, Cl; X = Br and Y = PF6, BF4, Br), [RuCl(NO)(bpy)2](PF6)2, 
[RuCl2(NO)(tpy)](PF6), and [Ru(H2O)(NO)(bpy)2](PF6)3, and observed that the lower 
the electron donating character of the trans-to-NO ligand (e.g., H2O < Cl < Br), the 
higher the conversion yield. Also, complexes in which the counterions were closest to 
the NO ligand had a higher conversion of the photoinduced products.111 
 
1.2.3.2 NO2 complexes  
Coppens and coworkers observed that laser irradiation of crystal samples of 
[Ru(bpy)2(NO)(NO2)](PF6)2, at 90 K produces a double isonitrosyl-nitrito linkage 
isomer (Fig. 1.15) and structurally identified the photogenerated linkage isomers by a 
combination of x-ray crystallography and infrared spectroscopy.112  
At 200 K, the ground state [Ru(bpy)2(NO)(NO2)](PF6)2 compound displayed a 
νNO band at 1943 cm
-1 and two νNO2 bands were observed at 1430 and 1330 cm
-1 in the 
IR spectrum. The photogenerated product at this temperature was structurally 
characterized as the nitrito-nitrosyl isomer, [Ru(bpy)2(NO)(ONO)]




MS200K photogenerated product showed a new νNO band at 1897 cm
-1 and displayed the 
nitrito bands at 1495 and 983 cm-1. However, at 90 K a five-minute photolysis of the  
 
Figure 1.15. The ground state and metastable isomers of [Ru(bpy)2(NO)(NO2)]
2+ 
(charge not shown in figure). Redrawn with permission from Ref. 112 
 
ground state [Ru(bpy)2(NO)(NO2)](PF6)2 compound resulted in the production of 
another [Ru(bpy)2(ON)(ONO)]
2+ (νNO = 1892 cm
-1) species which structurally differed 
from the MS200K by the orientation of the nitrito group, as well as a major species 
identified as the nitrito-isonitrosyl compound, [Ru(bpy)2(ON)(ONO)]
2+ or MS90K (νNO = 





Figure 1.16. Proposed mechanism of the light-induced oxygen transfer reaction and the 
linkage isomerization. Redrawn with permission from Ref. 112 
 
Theoretical calculations suggest that the metastable states MS90K and MS200K 
corresponded to local minima on the potential energy surface.112 Coppens and 
coworkers investigated the mechanism of the light-induced oxygen transfer reaction and 
proposed that at 90 K, and under light, there is an intramolecular redox reaction 
involving oxygen transfer from the nitro to the nitrosyl group to generate the six-
coordinate compounds MS90, MS'' and MS200K via isomerization of the side bound NO2 




Recently, Andriani and coworkers provided theoretical insights on the nature of 
the Ru−NO, Ru−ON, Ru−ONO and the Ru−NO2 bonding in the [Ru(bpy)2(NO)(NO2)]-
(PF6)2 compound using energy decomposition analysis 
113 and observed that the nitrito-
nitrosyl isomer, [Ru(bpy)2(NO)(ONO)]
2+ and the nitro-nitrosyl isomer, 
[Ru(bpy)2(NO)(NO2)]




1.2.3.3 NO3 complexes 
Fanning and coworkers have prepared two forms of the complex, 
[Fe(salen)NO3] (salen = N,N'-ethylenebis(salicylideneaminato), namely, the monomeric 
[Fe(salen)O2NO], and the dimeric [Fe(salen)ONO2]2 complex by the reaction of the µ-
oxo dimer complex, [Fe(salen)]2O with nitric acid (Fig. 1.17).
115 
 
Figure 1.7. Preparation of the two forms of the complex [Fe(salen)NO3)]. Numbers in 





[Fe(salen)ONO2]2 was also prepared by treating a dichloromethane solution of 
[Fe(salen)]2O with nitric oxide and then dioxygen.
116 IR spectroscopy data was used to 
distinguish the nitrate binding in each of the compounds. Specifically, [Fe(salen)NO3)] 
displayed the following IR frequencies: 1533, 1252, 1015 and 777 cm-1 that were 
assigned to the bound nitrate ligand. The IR frequencies were isotope-sensitive with 
bands at 1499, 1227, 995, and 769 cm-1, respectively in the 15N-nitrate labeled 
compounds. Similarly, [Fe(salen)ONO2]2 displayed IR bands at 1583, 1283, 1033 and 
815 cm-1, and their respective isotope sensitive bands at 1454, 1262, 1013, and 801 cm-
1.115 The nitrato ligand is bound to Fe in a bidentate O,O-nitrito fashion in 
Fe(salen)O2NO and via one nitrato oxygen (η
1-ONO2) in the [Fe(salen)ONO2]2 
complex. 
The molecular structure of [Fe(salen)ONO2]2 as determined by X-ray 
crystallography revealed the sixth coordination site of each of the Fe atoms was 
occupied by an oxygen atom belonging to the other salen ligand, forming a four-






Figure 1.18. Molecular structure of [Fe(salen)ONO2]2.
116 Hydrogen atoms have been 
omitted for clarity. 
 
 
1.2.4 Group 9 (Co, Rh and Ir) complexes 
1.2.4.1 NO Complexes 
It appears from the information gathered from the literature that the complex 
K[IrCl5NO] is the only known group 9 transition metal nitrosyl complex, to date, that 
undergoes NO linkage isomerization.117 Irradiation of a Nujol mull sample of 
K[IrCl5NO] at 77 K with light of λ 309-413 nm generated a metastable species 
identified as the isonitrosyl isomer K[IrCl5(η
1-ON)] as evidenced by a shift of the initial 
2008 cm-1 band (in the IR spectrum) of the ground state K[IrCl5NO] complex to 1812 
cm-1 for the metastable species. The linkage isomer thermally decays at 90 K or by 





1.2.4.2 NO2 complexes 
The most common NOx complexes of Co are the Co-nitrites. In the solid form, 
the yellow N-bound nitro complex, [(NH3)5Co(NO2)]
2+ is found to isomerize to the O-
bound nitrito complex, [(NH3)5Co(ONO)]
 2+ after irradiation with light.53,118,119 
Conversely, freshly prepared [(NH3)5Co(ONO)]
 2+ complexes were converted to the 
[Co(NH3)2(NO2)]
 2+ isomer by warming a solid sample of the former to room 
temperature.3,120 
Despite the fact that the Werner complexes have been intensively studied, there 
appears to still be controversy on the extent of reversibility of the nitro-nitrito 
isomerization of [Co(NH3)2(NO2)]
2+,120-124 a property of interest in these kinds of 
complexes (vide infra). Recently, Eslami showed by DSC experiments that the thermal 
isomerization of pure [(NH3)5Co(ONO)]
2+ to [(NH3)5Co(NO2)]
 2+ is a reversible process 
and is enthalpy driven and the reverse slightly entropy driven.68,70 In addition, kinetic 
studies,125 changes in X-ray diffraction patterns of solids123,126,127 as well as isotope 
labeling experiments128 seem to suggest that the linkage isomerization process is 
intramolecular that involves the formation of the 7-coordinate complex with N and one 
O of NO2 coordinated to Co (Fig. 1.19). For instance, Grenthe and Nordin studied the 
nitrito-nitro linkage isomerization in trans-[Co(en)2(NCS)(ONO)]X ( X = I
−, ClO4
−, en 
= ethylenediamine) by X-ray crystallography and observed that the plane of the bound 
nitrite and the Co atom were approximately situated in the same plane before and after 
rearrangement, an indication that the isomerization process proceeded by an 




The isomerization of the complex [(NH3)5Co(NO2)]
2+ represented the first 
classical evidence for light- or thermally-induced linkage isomerization (Fig. 1.19).1,129 
Several derivatives of this complex with varying counterions since have been reported  
 
 
Figure 1.19. The [(NH3)5Co(NO2)]
2+ complex, the first classical evidence for linkage 




to undergo the nitro-nitrito linkage isomerization process. Several decades ago, Basolo 
reported nitrito-to-nitro linkage isomerizations in the related Rh(III) and Ir(III) 
complexes [(NH3)5Rh(ONO)]
n+ and [(NH3)5Ir(ONO)]
n+, as determined by absorption 




isomerization is 1.7 x 104 s-1 in [(NH3)5Rh(ONO)]
n+ and 6.8 x 104 s-1 in 
[(NH3)5Ir(ONO)]
n+. However, the rate of the nitrito-nitro isomerization of 
[(NH3)5Ir(ONO)]
n+ (4 .4 x 103 s-1) in aqueous solutions, at 25 °C is lower than that of 
[(NH3)5Rh(ONO)]
n+ (9.6 x 104 s-1).130 
 
1.2.5 Group 10 (Ni, Pd and Pt) complexes 
1.2.5.1 NO complexes 
Coppens and coworkers reported the first experimental evidence for the 
presence of side-on nitrosyl bound isomer of any group 10 nitrosyl complex 
{MNO}10.65 In their work, they collected X-ray diffraction data sets on a crystal of 
Cp*Ni(NO) (Fig. 1.20) and subjected the same crystal at 25 K to 485 nm light from  
 
 
Figure 1.20. ORTEP drawing of: (a) Cp*Ni(NO)in the ground state (Selected bonding 
parameters: Ni−N = 1.620(3) Å, ∠NiNO = 179.2(3) and (b) Cp*Ni(η2-ON) (Molecule a: 
Selected bonding parameters: Ni−N = 2.096(18) Å, ∠NiNO = 93(1). 50% probability 
ellipsoids are shown, except for those of the H atoms. Adapted with permission from 





an Ar+ laser for 3 h. Analysis of the diffraction data before and after irradiation revealed 
the formation of a new species identified as the side-on η2-NO bound nickel complex, 
accompanied by a shortening of the Ni-O distance, a slight shortening of the Ni−N 
distance, and a tightening of the Ni−N−O bond angle to 92(1)°. They also performed 
geometry optimizations on the metastable Cp*Ni(η2-NO) structure using DFT 
calculations and found that it corresponded to a local minimum energy of 0.99 eV 
above that of the ground state isomer. The calculations also predicted a second local 
minimum at 1.85 eV above the ground state and the authors assigned this isomer to the 
isonitrosyl Cp*Ni(η1-ON) species.65 
Güida and coworkers have provided infrared spectra data to show two 
photogenerated metastable excited states (MSI and MSII) for the related CpNi(NO) 
complex.131 They irradiated the parent CpNi(NO) with 488.0 nm and 514.5 nm light 
(Ar+ laser line) at 77 K to generate the metastable species [Ni(η1-ON)(η5-Cp)] and 
[Ni(η2-NO)(η5-Cp)]. The IR spectra of the photogenerated species showed downward 
shifts of the νNO by 260 cm
-1 and 460 cm-1, consistent with the generation of the 
isonitrosyl (MSI) and side-on (MSII) species, respectively. 
Schaniel et al. studied the photolysis products of some [(NH3)4Pt(NO)X]
n+ (X = 
Cl−, SO4
2−, NO3
− complexes (Fig. 1.21).132,133 They reported the first photogeneration  
 





of nitrosyl linkage isomers in such Pt nitrosyl complexes, from irradiation of a 
powdered sample of the [(NH3)4Pt(NO)Cl]
2+ complex with light in the spectral range 
550-800 nm. IR spectral data revealed a shift in the νNO band from 1673 cm
-1 to 1793 
cm-1 that they attributed to a nitrosyl-to-isonitrosyl linkage isomerization to a geometry 
between η1-ON and η2-ON.132 
Schaniel et al. also observed similar linkage isomers in [NH3)4Pt(NO)NO3]
2+ 
and [NH3)4Pt(NO)OSO3]
+ complexes (Fig. 1.21) where the shifts in νNO (i.e., ΔνNO) 
were observed to be 70 cm-1 and 101 cm-1, respectively, to higher frequencies; a feature 
attributed by the authors to a more positive NO ligand in the linkage isomers.133 X-ray 
crystallographic data and DFT calculations of the ground state nitrosyl complex shows a 
bent Pt−N−O linkage in these {PtNO}8 complexes with bond angles between 117 °and 
120 °. The otherwise higher νNO bands in the metastable isomers on changing X from Cl 
to OSO3 and ONO2 were attributed to the significant trans effect of the O-bound 
ligands.133 In addition changing the trans ligand from Cl to OSO3 and ONO2 resulted in 
a lower decay temperature by ~10 K as determined by DSC experiments.133 Clearly, 
more research is needed to explain the higher νNO’s in the metastable isomers. 
 
1.2.5.2 NO2 complexes 
The [(NH3)4(NH2)Pt(ONO)]
2+ complex as the Cl− salt is known and can be 
converted to the nitro isomer in the solid state by heating,130 and the nitro isomer to the 
nitrito isomer in aqueous solution by photolysis using 254 or 313 nm light,134 similar to 
the observation in the related [(NH3)5Co(NO2)]
2+ complex. In 2001, Chaudhuri and 




isomerization in diamine complexes of nickel(II) such as trans-[NiL2(NO2)2] (L = N,N'-
dipropyl-1,2-diaminoethane)  in the solid state as determined by X-ray 
crystallography.54 See Fig. 1.22. 
 
 
Figure 1.22. Linkage isomerization in trans-[NiL2(NO2)2] (L = N,N'-dipropyl-1,2-
diaminoethane).54 
 
Raithby and coworkers have observed the reversible 100% conversion of the red 
[(dppe)Ni(η1-NO2)Cl] complex to its photoinduced yellow linkage isomer [(dppe)Ni(η
1-
ONO)Cl] (Eq. 1.2).135 Raman spectral data revealed a νNO band at 1333 cm
-1 in the 
parent nitro compound and a 1404 cm-1 band in the nitrito isomer. The nitrito isomer 
was further identified by photocrystallography and was found to be stable between 100 




Furthermore, Raithby and coworkers performed a combined thermal and 






55 X-ray crystallographic analysis of a crystal of 
[(Et4dien)Ni(NO2)2] prepared by treating K4[Ni(NO2)6]·H2O with Et4diene, at 298 K 
shows a 78:22% mixture of the compounds [(Et4dien)Ni(NO2)(η
2-O2N)] : 
[(Et4dien)Ni(η
1-ONO)(η2-ONO)] (Fig. 1.23). The mixture could be converted to the 
  
 
Figure 1.23. Synthesis of the [(Et4dien)Ni(NO2)(η
2-O2N)] and [(Et4dien)Ni(η
1-
ONO)(η2-ONO)] complexes and their conversion products.55  
 
single nitro/η2-nitrito isomer [(Et4dien)Ni(NO2)(η
2-O2N)] by slow cooling to 100 K. 
Irradiation (at 100 K) with a 400 nm LED light, or heating of the latter complex to 370 
K resulted in the η1-nitrito, η2-nitrito isomer, albeit at varying yield, with photolysis 
affording 86% of the η1-nitrito, η2-nitrito isomer and heating affording only 42% of the 
η1-nitrito, η2-nitrito isomer, as shown in Fig. 1.23.55 
For a metastable system to be applicable as an effective photo- or thermal 
switchable device, very good linkage isomeric conversions are required. Raithby and 
coworkers extended their studies on solid-state interconversions of some group 10 nitro 




influence the linkage isomerization process.56 They prepared sterically encumbered 
compounds and studied their conversions using both Raman spectroscopy and X-ray 
photocrystallographic techniques to characterize the resulting photogenerated products. 
The solid-state facile isomerization of the [(dppe)Ni(η1-NO2)Cl] complex to its 
nitrito isomer (Fig. 1.24 a), Raithby noted, was possible due to the use of the bulky 
phosphine ligands which allowed the nitro group to sit in a sterically sheltered “reaction 
cavity” so that the interconversion could occur without disrupting the crystal packing.56 
To avoid any complexity in studying the effects of changing the size of the phosphine R 
substituent, the chloride ligand was replaced with another nitro ligand and the 
compounds cis-[(dcpe)Ni(η1-NO2)2] and cis-[(dppe)Ni(η
1-NO2)2] were prepared. 
Irradiation of solid samples of cis-[(dcpe)Ni(η1-NO2)2] and cis-[(dppe)Ni(η
1-NO2)2] 
with LED light of 400 nm resulted in 100% conversion to their respective dinitrito 
isomers (Fig. 1.24 b) although the cis-[(dppe)Ni(η1-NO2)2] required a longer irradiation 
time (2 h) for conversion due to its relatively bulky phenyl rings as compared to a 1 h 
period for conversion for the less sterically encumbered cis-[(dcpe)Ni(η1-NO2)2] 
compound. 
Upon substituting the bidentate phosphine ligands by monodentate ligands, the 
trans-[(PCy3)2Ni(η
1-NO2)2] (and not cis) was obtained and displayed only ~82% 
conversion to the nitro isomer that was stable 130 K (c.f., the higher 180 K for the 
bidentate complex). Thus, the change in geometry (trans vs cis) and ligation of the 
compounds had an effect on both the isomeric conversions and stabilities.56 






Figure 1.24. Photoisomerization reactions of some group 10 nitro complexes.56 (a) 
mono nitro-to-nitrito; (b) bis nitro-to-nitrito; (c) bis nitro-to-nitrito and effects of 
metal substitution on yields. 
 
complexes were lowered in going from the first row transition metal Ni to the second 
and third row Pd and Pt metals.56 This observation may also be explained in terms of 
the HSAB theory where the more electronically dense Pt metal directs the mode of 
binding to the N-soft end of the nitro ligand such that only 30% conversion to the nitrito 
isomer was attained. Ni, which is the hardest of this metal triad saw the largest 
conversion of 82%. The authors also explained this observation in terms of reduction of 
cavity size in moving from Ni to Pt in the complexes (Fig. 1.24 c).56 
An isomerization mechanism for these systems was proposed using the results 
of a computational study (B3LYP) on a model complex [(dmpe)Ni(NO2)Cl] (dmpe = 




of the nitro group about a vector perpendicular to the ligand plane leading to the exo-
nitrito species. The latter species then rotates about the N−O single bond to yield the 
endo-nitrito species (Fig. 1.25). Calculations also revealed an energy barrier of 11-15 
kcal mol-1 for the isomerization process with the intermediate siting in a very shallow 
minimum with barrier of 1-2 kcal mol-l on either side.56 
 
 
Figure 1.25. Proposed isomerization mechanism from theoretical calculations. The 
curved arrows indicate the general motions involved.56 
 
1.3 Linkage isomerism in NOx-coordinated metalloporphyrins 
The chemistry of NOx metalloporphyrins, namely the [(por)M(NOx)Y]
z complexes 
(M = metal; Y = no ligand, anion, or neutral ligand; z = charged or not charged), has 
received a lot of attention in the last few decades.14 The [(por)M(NOx)Y] complexes are 
important in several areas. In biological systems, for example, [(por)M(NOx)Y] 
complexes have been used as model compounds for understanding the role of NO as a 
biological signaling molecule.136,137 In addition, these model compounds have aided in 
understanding the  function of heme  cd1-containing nitrite reductases, and in 






Figure 1.26. Proposed mechanism of nitrite reduction to NO by cd1. (ab) reductive 
activation of resting (inactive enzyme) and tyrosine displacement (not shown); (bc) 
nitrite binding; (cd) protonation of nitrite complex; (de) cleavage of N−O bond and 
elimination of H2O; (ef) intramolecular iron oxidation (valence isomerization); 
(fghc and fgic) redox reactions involving heme c and heme d1 nitrosyl 
complex followed by rapid dissociation of NO; (*) enzyme gets trapped in a “dead end” 
species in the absence of reducing substrate or nitrite. Adapted with permission from 




In this section, we present the chemistry of [(por)M(NOx)Y] complexes concentrating 
on those that exhibit linkage NOx isomerization. Key reports to be highlighted include 
recent work by Kurtikyan and coworkers on their use of microporous solvent-free layers 
of (por)M in experiments to study linkage isomers in the NO adducts,[(por)M(NOx)Y] 
generated and work by Coppens and Richter-Addo and coworkers on light-induced 
linkage isomerization of (por)M(NO)Y complexes. It is our hope that this section, in 
addition to previous reviews,7,8,11 will highlight important linkage isomerization 
processes in heme model chemistry, and open new areas of research and expand the 
scope and applications of linkage isomerization in [(por)M(NOx)Y] complexes. 
 
1.3.1 Manganese NOx porphyrins 
Kurtikyan, Ford and coworkers have used infrared and UV spectroscopy to 
probe the species formed in the interaction of NOx molecules with microporous solvent-
free layers of (por)M complexes (M = Mn,138-140 Fe,141-150 Co,151-155) at varying 
temperatures. Sample preparation of such (por)M layers and their interactions with NOx  
have been described in detail elsewhere.156,157 Importantly, in this sample preparation 
technique, the (por)M species are sublimed onto KBr, CsI or a CaF2 substrates at  low 
temperature to form  “porphyrin sponges” which permit diffusion of volatile ligands 
into the bulk layer.158 Using this method, clean IR spectra devoid of solvent 
interferences can be obtained for the precursor complexes and for the product species 
that  form upon reacting with the incoming ligands. Another advantage of this technique 
is that the reaction temperature can be controlled so that thermally sensitive species can 




(e.g. by spectroscopic means) of metastable species, most of which are observed at 
cryogenic temperatures.11,156  
Porous layer  experiments were used to probe the mode of binding of NO in the 
5-coordinate (TPP)Mn(NO) complex (Fig. 1.27).138 In their work, Kurtikyan et al.   
 
Figure 1.27. In situ preparation of the five coordinate (TPP)Mn(NO) and the six-
coordinate (TPP)Mn(NO)(NO2) complexes and their linkage isomers via NO diffusion 
onto microporous layers of (TPP)Mn.138,140 
 
prepared a CsI porous layer of (TPP)Mn (Fig. 1.27, structure B) and treated it with 
slight excess of NO at room temperature. The IR spectrum obtained for the resulting 
species displayed two strong NO stretches at 1739 and 1614 cm-1 and 15N isotope 
sensitive bands appearing at 1704 and 1585 cm-1, respectively when 15NO was used in 
place of NO (Fig. 1.28).138 





Figure 1.28. FTIR spectra of Mn(TPP) (solid line), Mn(TPP)(NO) (dashed line) and 
Mn(TPP)(15NO) (dotted line). Reproduced from ref. 138 with permission of the Royal 
Society of Chemistry. 
 
to the νNO of the linear nitrosyl configuration of (TPP)Mn(η
1-NO) in which NO is 
bound to Mn via its N atom (Fig. 1.27 C). The observed IR band is in accordance with 
the range normally found for νNO value in the linear M−N−O linkage in five coordinate 
{MNO}6 systems.71,137,160 They assigned the band at lower wavenumber (1614 cm-1) to 
the bent nitrosyl linkage isomer (Fig. 1.27 D). They also identified the following 
experimental evidence as further support for their assignments of the two linkage 
isomers: 
1.  IR spectra data obtained from the product species did not provide evidence of 
the formation of the dinitrosyl complex (TPP)Mn(NO)2 under the experimental 
conditions. If a dinitrosyl species were present, a νNO stretch higher than the 
mononitrosyl complex’s 1739 cm-1 band would be observed, similar to the 
observation in the analogous (TPP)Fe(NO)1,2 complexes (νNO = 1681 and νNO 
=1695 cm-1, respectively). In addition, a dinitrosyl complex would be expected 
to have twice the intensity of absorption of the mononitrosyl complex,161 which 
was not observed in their work. They also observed that NO loading of their 




intensities of the two NO stretches (1739 and 1614 cm-1) was independent of the 
NO deposited, an indication that no dinitrosyl complex was formed under their 
experimental conditions.138  
2.  No six-coordinate (TPP)Mn(NO)L (L = py, pip) species was detected. The 
(TPP)Mn complex was prepared from the solvated (TPP)MnL complex.162 (Fig. 
1.27 A) In the event that L is not completely removed during the porous layer 
preparation process, (TPP)MnL  may react directly with NO to form 
(TPP)Mn(NO)L as shown in Eq. 1.3: 
 
(TPP)MnL + NO  (TPP)Mn(NO)L        (1.3) 
 
(por)Fe(pip)2 + NO  (por)Fe(NO)(pip) + pip   (1.4) 
 
A similar reaction has been reported in the analogous (por)Fe(pip)2 (por 
= TPP and PPIX) as shown in Eq. 1.4. In a control experiment using 
(TPP)Mn(py) and (TPP)Mn(pip) as precursors for (TPP)Mn, similar νNO values 
(1739 and 1614 cm-1) were obtained when the latter complex was exposed to 
NO. Kurtikyan and coworkers argued that if these IR bands resulted from the 
six-coordinate (TPP)Mn(NO)L their corresponding νNO would be different since 
py and pip have different σ and π donor and acceptor properties. Thus, neither of 
the observed νNO IR bands at 1739 and 1614 cm
-1 correspond to the six-




3. IR spectral data did not support the formation of NO complexes due to partial 
oxidation of (TPP)Mn by trace NO2. Such Mn(III) complexes, when formed, 
usually give a higher νNO at ca. 1830 cm
-1,163 which was not observed in their 
experiment. 
4. Importantly, the relative intensities of the νNO bands changed with changes in 
temperature (20-293 K) suggesting the presence of thermally reversible isomers. 
Kurtikyan et al. observed that at 20 K the IR spectrum was dominated by the 
1739 cm-1 band (Fig. 1.29). However, upon warming the cooled sample from  
 
Figure 1.29. Temperature dependence of the (TPP)Mn(NO) FTIR spectra. Temperature 
was recorded in 30 K intervals from 20 to 290 K. Figure reproduced from Ref.138 with 
permission of the Royal Society of Chemistry.  
 
20 to 298 K the intensity of the 1614 cm-1 band decreased in the IR spectrum. 
Thus, the spectrum of the sample at room temperature showed a mixture of five- 
coordinate (TPP)Mn(NO) linkage isomers; the previously characterized linear 
isomer (TPP)Mn(η1-NO) (1739 cm-1) (Fig. 1.27)71,137,163 and two other possible 
candidates, namely, either the bent η1-NO or the η1-ON configuration of 
(TPP)Mn(NO) giving rise to a νNO 1614 cm




is also a possible configuration, the observed IR spectrum and isotopic shifts did 
not correlate with the expected IR bands. In fact, earlier DFT calculations 
carried out by Wondimagegn and Ghosh on (por)Mn(NO) placed the η2-NO 
isomer 1.67 eV higher than the η1-NO isomer71 thus disfavoring the η2-NO 
isomer formation under this experimental conditions although it may have been 
formed in undetectable amounts. 
In order to assign the correct configuration displaying the νNO = 1614 cm
-1 band, 
Kurtikyan et al. then carried out DFT calculations for the gas phase (P)Mn(NO) and 
(P)Mn(ON) (P2- = porphinato dianion) systems with linear and bent structures in the 
singlet, triplet and quintet spin states.138 Data obtained using spin unrestricted 
BP86/TZVP, TPSS/DGDZVP and PBE/DGDZVP levels of theory without symmetry 
constraints showed that the linear N-bonded configuration in the singlet spin state gave 
the lowest energy, and the bent η1-N in the triplet state gave the second lowest energy of 
7-9 kcal mol-1 higher than the former. The triplet state with the linear NO also 
converged with energy ca. 13 kcal mol-1 higher than the singlet state. In addition, the 
calculated difference of NO stretch between the linear and bent, ∆νNO(calc.) and the 
difference obtained experimentally, ∆νNO(exp.) were comparable, with the former being 
~120 cm-1 and the latter 125 cm-1. Furthermore calculations with the Turbomole 6.3 
program package 164 were used to confirm that the linear singlet was the lowest in 
energy, although the experimental energy difference (~1 kcal mol-1) between the two 
observed species differed substantially from the calculated energy difference (7-9 kcal 




Fig. 1.30 shows the molecular orbitals diagram and structure of (P)Mn(NO) in 
the singlet state and the structure in the triplet state. The Mn−NO bond involves a 
strongly covalent π-interaction between the Mn (3 ,3 ) orbital and the π* orbital of 
 
 
Figure 1.30. (A) Molecular orbital diagram of Mn(P)(NO) in its (S=0) state. Electronic 
transitions leading to two possible (S=1) states are indicated. (B) Structure of the (S=0) 
state; (C) Structure of the (S=1)( 1( )1 state; (D) Structure of the 
(S=1)( 1( )1 state. Reproduced from ref. 138 (supporting information) with 
permission of the Royal Society of Chemistry. 
  
NO to give the strongly delocalized bonding ( , , , *)b (doubly occupied) and 
antibonding ( , , , *)a (unoccupied)  MOs, respectively.
138 In the linear 
configuration, σ-donation from NO into the Mn 3  orbital was observed to destabilize 
the unoccupied 3  orbital. Also, the 3  orbital was found to be destabilized by σ-
antibonding interaction with the four porphyrin nitrogens. Consequently, the 




calculations provided the linear singlet state configuration structure as shown in Fig. 
1.30 B. Further calculations were carried out for the two other triplet states. After the 
calculations for the two triplet states the following deductions were made: 
1. Transfer of one non-bonding 3 orbital electron into the σ-antibonding 
3  caused electron redistribution in the equatorial plane leading to the linear 
M−NO configuration. 
2. Transfer of one non-bonding 3  electron into the σ-antibonding 3  
orbital such that in removing the antibonding character (due to populated 3 ) the 
Mn−NO bond bends with concomitant decrease in overlap with NO σ-orbitals. 
As it turned out, the linear triplet state structure was observed to occur at the 
highest energy. Thus, both experimental and theoretical data point towards the linear 
isomer and the bent isomer. Recent DFT calculations and NBO analysis of the Mn−NO 
bonding in (por)Mn(NO) showed that the Mn−N(O) bond has a triple bond character 
(Fig. 1.31) with a charge donation from NO to Mn.165 This probably explains why the  
 
Figure 1.31. Schematic representation of the bonds in (por)Mn(NO). Redrawn with 





linear (TPP)Mn(NO) complex is observed at lower temperature but some of it converts 
to the bent isomer at relatively high temperature. The calculations by Jaworska also 
showed that the oxygen atom is more negative and the nitrogen atom is more positive 
than in the free NO and these are factors supporting the linear Mn−N−O linkage in 
(TPP)Mn(NO).165 
Earlier investigations by Martirosyan et al.140 on Mn(II) porphyrin mediated NO 
disproportionation at low temperature showed linkage isomerization in one of the by-
products, namely (TPP)Mn(NO)(ONO), to its nitro-nitrosyl  isomer 
(TPP)Mn(NO)(NO2) (Fig. 1.27F and G). In their experiment, the five coordinate 
(TPP)Mn(NO) produced at 90 K after reaction of (TPP)Mn with NO reacted further 
with three more equivalents of NO to release N2O. A probe of the mechanism of the 
reaction revealed that two of these NOs reacted with each other at low temperature to 
produce a “nearly neutral N2O2 ligand”, and the latter then complexed with 
(TPP)Mn(NO) to form a seven-coordinate intermediate proposed to be 
(TPP)Mn(NO)(ONNO) in which NO is bound to Mn via N, and the neutral N2O2 ligand 
is bonded to Mn via the two oxygens (Fig. 1.27E) (νNO= 1820, ν(NO)2 =1712 cm
-1). 
Martirosyan et al. explained that NO attack on one of the oxygens of the coordinated 
ONNO in (TPP)Mn(NO)(ONNO) leads to the formation of (TPP)Mn(NO)(ONO) and 
consequent release of N2O.
140 More importantly in this review, is the observation that 
the (TPP)Mn(NO)(ONO) species isomerized to the nitrosyl nitro isomer when the 
former was warmed from 130 K to room temperature. The IR spectra of the two isomers 
showed that the nitro-nitrosyl isomer had a relatively higher νNO band (1812 cm
-1) than 




nitrito group than the nitro group. It will be interesting to determine if the shift in IR 
bands compare with the Mn−N(O) lengths and to see whether there is the possibility of 
a bent Mn−N−O configuration in the X-ray structure at higher temperatures. It is 
interesting to note that the isomerization of (TPP)Mn(NO)(ONO) to 
(TPP)Mn(NO)(NO2) at 200 K is an irreversible transformation. The 
(TPP)Mn(NO)(NO2) formed readily converts to the five coordinate (TPP)Mn(ONO) at 
room temperature by a mechanism that is not well understood. 
 Unlike (TPP)Mn(NO), the five-coordinate (TPP)Mn(ONO) complex undergoes 
linkage isomerization to (TPP)Mn(NO2) following laser flash photolysis of a toluene 
solution of (TPP)Mn(ONO).166 The proposed mechanism involves the photoinduced 
dissociation of the axial ligand to (TPP)Mn and NO2. (TPP)Mn and NO2 then 
recombine to form (TPP)Mn(NO2). The latter complex readily isomerizes back to the 
structurally characterized ground state (TPP)Mn(ONO) compound (Fig. 1.32).48 
 
 
Figure 1.32. Proposed mechanism for photoinduced linkage isomerization reactions of 
toluene solution of (TPP)Mn(ONO).8 Reproduced with permission from Ref. 8  





1.3.2 Ruthenium and iron NOx porphyrin complexes 
The group 8 transition metal NOx porphyrin complexes are arguably some of the 
most widely studied biologically relevant heme models. Several review articles on NOx-
coordinated metalloporphyrins were published in the last decade.8,14,137,156,167-169 The 
complex (por)Fe(O-ligand), for example is a prosthetic group in heme catalase, an 
enzyme known to catalyze the dismutation of hydrogen peroxide to water and 
oxygen.170 Heme catalase is however, inhibited by NO.171 In order to understand the 
inhibition mechanism of NO in catalase, structural models of the neutral NO-inhibited 
catalase active sites containing varying axial O-bound ligands have been prepared and 
characterized for some {MNO}6 complexes including (TTP)M(NO)(O-i-C5H11) (M= 
Ru, Os) 172, (T(p-OMe)PP)Ru(NO)(OY) (Y= C6HF4, C(=O)CF3),
173 (OEP)Os(NO)(OR) 
(R=Et, i-pr, hexyl, cyclohexyl).174 
Both spectroscopic and X-ray data obtained for the six-coordinate ruthenium 
nitrosyl porphyrins mentioned above reveal that NO is bound to Ru via the N. However, 
upon subjecting some of these compounds to light of the correct wavelength, different 
conformations of NO linkages may be generated. In this regard, Richter-Addo and 
Coppens reported the first spectroscopic evidence for the η1-ON and η2-NO linkage in 
nitrosyl metalloporphyrins, namely (OEP)Ru(NO)(O-i-C5H11) 
(OEP)Ru(NO)(SCH2CF3) , (OEP)Ru(NO)Cl and [(OEP)Ru(NO)(py)]
+.39 
In their work, Richter-Addo and Coppens and coworkers subjected a KBr pellet 
sample of (OEP)Ru(NO)(O-i-C5H11) at 200 K to light (330 < λ < 460 nm) generated 
from a Xe lamp;43 difference IR spectroscopy was used to identify the species generated 




Richter-Addo and Coppens and coworkers observed new isotope-sensitive 
infrared bands at 1645 and 1497 cm-1 in the difference IR spectrum (Fig. 1.33a) when a  
 
 
Figure 1.33. Difference spectra (spectrum after irradiation minus spectrum prior to 
irradiation for 15 min) for the 14N and 15N labeled compounds (a) (OEP)Ru(NO)(O-i-
C5H11) and (b) (OEP)Ru(NO)(SCH2CF3). The bimodal structure of some of the shifted 
bands is attributed to crystalline disorder and two possible orientations of the NO group. 
Conversion percentages are estimated as 1 and 1.5% for (a) and (b), respectively. 
Reproduced from ref. 39 with permission of the Royal Society of Chemistry. 
 
KBr sample of (OEP)Fe(NO)(O-i-C5H11) at 20 K was subjected to irradiation. The two 
bands at 1645 and 1497 cm-1 were assigned to νNO for the metastable η
1-ON and η2-NO 
isomers of (OEP)Ru(NO)(O-i-C5H11), respectively (Fig. 1.33 a). The metastable isomer 




(OEP)Ru(NO)(O-i-C5H11) is observable up to a temperature of 160 K, whereas the η
2-
NO isomer is observable only below 80 K. The two metastable isomers reverted to the 
ground state η1-NO on warming the sample back to room temperature. Only 1% of the 
starting (OEP)Ru(NO)(O-i-C5H11) was estimated to be converted to the two metastable 
isomers. 
Similar metastable linkage isomers were observed in (OEP)Ru(NO)(Cl), 
[(OEP)Ru(NO)(py)]+ and (OEP)Ru(NO)(SCH2CF3). In the latter complex, irradiation of 
a KBr sample with light at 60 K gave two products identified as (OEP)Ru(η1-
ON)(SCH2CF3) (νNO = 1660 cm
-1) and (OEP)Ru(η2-NO)(SCH2CF3) (νNO = 1546 cm
-1) 
(Fig. 1.34 b) in their difference IR spectrum.39 As in the case of the (OEP)Ru(NO)(O-i-




Figure 1.34. Formation of the η1-ON and η2-NO isomers in some six coordinate 





complex was estimated during its conversion to its corresponding metastable isomers. 
DFT calculations on a model of the six coordinate (P)Ru(η2-NO)Cl (S = 0) 
shows asymmetry in the Ru(η2-NO) moiety (Fig. 1.35a).71,175 In Fig. 1.35, if the Ru(η2-
NO) plane were defined as xz then in the HOMO-4 the Ru dxz orbital can be envisioned 
to effectively π-bond with the NO π*  orbital in the xz plane. Ghosh and Wondimagegn 
observed that the HOMO-3 revealed that the Ru dyz orbital only π-bonds with one end 




Figure 1.35. (a) optimized structure (Å, °; (b) - (d)) the three primary Ru 4d-based MOs 
of (P)Ru(NO)Cl (S = 0). Adapted with permission from Ref. 175 Copyright 2005 
American Chemical Society. 
 
In another report, Cheng et al. observed the first photoinduced linkage isomers 
of two (por)Fe(NO) complexes (por = OEP, TTP).43 The (por)Fe(NO) is a {MNO}7 
system and as such a bent Fe−N−O geometry would be expected for the ground state η1-





DME)Fe(NO),178 and (OEP)Fe(NO),179 for instance, show that each of these complexes 
possesses a bent Fe−N−O moiety. The five coordinate (OEP)Fe(η1-NO) and 
(TTP)Fe(η1-NO), however, were shown to undergo light-induced linkage isomerization 
to their corresponding isonitrosyl linkage isomers. 
In their work, Cheng et al. subjected a KBr sample of (OEP)Fe(NO) (νNO of 1672 cm
-1) 
to light of  wavelength 350 < λ < 550 nm (300 W xenon arc lamp).43 The difference IR 
spectrum of the resulting product displayed a new νNO band at 1532 cm
-1 (Fig. 1.36). 
This band was assigned to the (OEP)Fe(η1-ON) isomer where NO is bonded to Fe via 




Figure 1.36. Infrared difference spectra formed by subtracting the spectra of the 
complex after illumination (at 25 K) from the infrared spectra of the complex in the 
dark. (Left) (TTP)Fe(NO); (right) (OEP)Fe(NO). Negative and positive features 
represent IR bands that are depleted, or new or increased in intensity upon illumination, 
respectively. The differential feature of the highest frequency band of (OEP)Fe(NO) is 
due to a slight change in peak profile. Reproduced with permission from Ref. 43 





Figure 1.37. Formation of the η1-ON isomers of (OEP)Fe(NO) and (TTP)Fe(NO).43 
 
In the (TTP)Fe(NO) sample (νNO of 1672 cm
-1) a new IR band at 1554 cm-1 was 
observed in the difference spectrum when (TTP)Fe(NO) was irradiated with light of 
similar wavelength and the new band was assigned to the νNO of the O-bound 
isonitrosyl group in (TTP)Fe(NO). Importantly, the shifts in the νNO of both 
(OEP)Fe(NO) and (TTP)Fe(ON) were also observed to be isotope sensitive. Ford 
proposed a mechanism of this isomerization process which suggests the formation of a 
caged pair intermediate involving (por)Fe and NO as shown in Fig. 1.38.168 
 
 
Figure 1.38. Likely scenario for the photochemical formation of the isonitrosyl 
complex Fe(TPP)(ON) in a solid or low-temperature matrix. The rectangle represents a 
porphyrinato ligand. Reproduced with permission from Ref. 168 Copyright 2010 





It is important to note that only small fractions of the metastable species were 
generated in this experiment. In addition, some theoretical calculations performed on a 
(P)Fe(NO) system indeed showed that the metastable (P)Fe(η1-ON) was a likely linkage 
isomer and it corresponded to a local minimum with energy of 1.59 eV above the 
ground state (P)Fe(NO) complex.43 
The metastable species generated during the photolysis of the six coordinate 
(TPP)Fe(NO)(NO2) complex have been investigated by Coppens and Richter-
Addo.58,180 In their work, they irradiated a KBr sample of the nitro-nitrosyl iron 
tetraphenylporphyrin complex, (TPP)Fe(NO)(NO2) with light at different experimental 
temperatures and observed that new metastable species were generated. Fig. 1.39 shows 
a schematic diagram for their experiment. Two linkage isomers of (TPP)Fe(NO)(NO2),  
 
 






namely, the nitrito-nitrosyl complex (TPP)Fe(NO)(ONO), and the nitrito-isonitrosyl 
complex (TPP)Fe(ON)(ONO) were both observed when the sample was cooled to 11 K 
and irradiated with light. The assignments of the two metastable species were made 
based on infrared spectral data. The ground state complex, (TPP)Fe(NO)(NO2) 
displayed νNO, νas, νs, and δ(ONO) bands at 1883, 1464, 1303 and 806 cm
-1, respectively.  
The difference IR spectrum obtained for the photogenerated species displayed 
bands at 1510 and 935 cm-1 which were assigned, respectively to νas and νs of the 
coordinated ONO group in (TPP)Fe(NO)(ONO). In addition a new IR band was 
observed at 1699 cm-1, and was assigned to the coordinated isonitrosyl group in 
(TPP)Fe(ON)(ONO). Interestingly, the 1699 cm-1 band persisted in the IR spectrum up 
to a temperature of 50 K. It was observed that the nitrito-nitrosyl complex, 
(TPP)Fe(NO)(ONO) was exclusively produced after the photo-generated isomers at 11 
K were warmed to 200 K, suggesting a change in binding mode from η1-ON to η1-NO. 
Also worthy of note is the fact that only one isomer, namely, the nitrito-nitrosyl isomer 
(TPP)Fe(NO)(ONO) was generated when the ground state isomer at 200 K was 
irradiated with light. This suggests that the double linkage isomerization species is the 
less stable of the metastable species. 
To probe further, DFT calculation for model compounds in the gas phase were 
performed. In all, ten different conformations were explored and were categorized 
based on the mode of binding of the axial ligands and the orientation of the axial ligands 
relative to each other. In the first category, two different conformations of the ground 
state isomer converged in which NO2 and NO are in the same axial plane (GS∥) or 






Figure 1.40. Calculated energies and representative structures for the linkage isomers 
of (porphine)Fe(NO)(NO2). The axial nitrogen and oxygen atoms are colored blue and 
red, respectively. ∥ = axial ligand planes are coplanar; = axial ligand planes are 
mutually perpendicular. MSaL and MScL are the isomers displaying linear FeNO and 
FeON groups, respectively. Reproduced with permission from Ref. 180 Copyright 2004 
American Chemical Society. 
 
In the second category, three different nitrito-nitrosyl metastable isomers were 
observed as MSa∥, MSa , and MSaL. In the latter conformation the FeNO moiety is 
linear. The third category is the single linkage isonitrosyl isomer where two 
conformations are possible (MSb∥ and MSb ). In the final category, three double 
linkage isomerization isomers, namely MSc∥, MSc  and MScL conformations were 
obtained. These isomers have both NO and NO2 bound to Fe via oxygen. As depicted in 
Fig. 1.40 the MSc metastable isomers were the highest in energy, followed by MSb and 




nitrosyl metastable isomer is more stable (stable at 200 K) than the nitro-isonitrosyl 
metastable isomer (stable at 50 K). It is necessary to point out that in each category the 
most stable conformation were those that had the axial planes coplanar to each other. In 
general, the double-linkage isomer conformations were the highest in energy and were 
calculated to be 1.58 eV higher than the corresponding ground state conformation. This 
value is comparable to the 1.59 eV energy difference computed for the η1-NO-to-η1-ON 
linkage isomerism in (P)Fe(NO). 
 
1.3.3 Cobalt NOx porphyrins 
Vitamin B12, the cobalt containing corrin complex, is a natural biologically relevant 
enzyme. Vitamin B12 is known to play an important role in the enzymatic reactions 
involving Co−C bond breaking and bond making.181,182 However, some of these 
enzymatic reactions are inhibited by NOx molecules.
183-188 
Cobalt porphyrin complexes are usually employed as synthetic models for vitamin 
B12 because of their ease of synthesis and the ability to obtain unambiguous structural 
and spectroscopic data. Some of the (por)Co complexes themselves are known to play 
important roles in the activation and reduction of NO. For example, [(2-
TMPPyP)Co]5+189 and (TPP)Co supported on TiO2
190,191 have been used as catalyst for 
the reduction of NO 
The five-coordinate nitrosyl porphyrin complexes, (por)Co(NO) [por = OEP,192,193 
TPP,194-196 TTP,154 T(p-OMe)PP, T(p-CH3)PP, T(m-OCH3)PP), T(p-OCF3)PP, T(p-
CF3)PP and T(p-CN)PP




Laser photolysis of (OEP)Co(NO) and (TPP)Co(NO) in 2-methyltetrahydrofuran 
solution revealed that these porphyrin complexes underwent denitrosylation198 and no 
linkage isomeric intermediates of (por)Co(NO) were reported, although available 
kinetic data does not preclude Co−NO geometry isomerism.199 To date, there is no 
report on the observance of either of the two other metastable forms (η1-NO and η2-NO) 
of (por)Co(NO). However the known five coordinate (TPP)Co(NO2) complex readily 
linkage-isomerizes to the nitrito species, (TPP)Co(ONO) when benzene solution of the 
former was photoexcited with a 50 ns laser.200 The isomerization is reported to occur by 
an intermolecular process as follows (Fig. 1.41). 
 
 
Figure 1.41. Proposed mechanism for linkage isomerization reactions after photolysis 
of benzene solution of (TPP)Co(ONO). Reproduced with permission from Ref. 8 
Copyright 2010 American Chemical Society. 
 
First, the photoexcitation of (TPP)Co(NO2) causes cleavage of the Co−NO2 bond 
leading to complete separation of  NO2 and (TPP)Co (Eq. 1.5) (TPP)Co and NO2 then 





(TPP)CoIII(NO2)  +  hν   (TPP)Co + (NO2)  (complete separation)  (1.5) 
(TPP)CoIII  +  (NO2)    (TPP)Co(ONO)  (recombination process)  (1.6) 
(TPP)Co(ONO)    (TPP)Co(NO2)  (linkage isomerization)   (1.7) 
 
Silaghi-Dumitrescu and coworkers have determined, using UBP86 and 
UB3LYP calculation with LANL2DZ and 6-32G** sets that, although the nitro-isomer 
is stable in all metal oxidation states, the nitrito-isomer in the (P)Co(NO2) (P = por, Pz) 
compound was more favored by lower metal oxidation  states.57 It was observed that the 
Co(III) complexes favored the nitro-isomer. However, between por and Pz complexes 
they observed that (Pz)Co(NO2) gave the most favored nitrito-compound possible due 
to the reduced size of the metal-chelating cavity of the porphyrazine macrocycle,57 an 
























Table 1.2. Linkage isomers of some NOx porphyrin complexes and their structural/ IR 
(KBr, unless otherwise stated) spectroscopic data. GS = ground state; L linear; B bent; a 
Nujol; b CsI; c ligand that isomerizes. 
 
 
1.3.4 Hyponitrite complexes of transition metal porphyrins 
The metal-mediated two-electron reduction of NO to the less toxic species N2O 
(Eq. 1.8), N2 and ammonia in the global nitrogen cycle by bacteria and fungi, or in 
catalytic converters in automobiles has received a great deal of attention.  
 
2NO + 2H+ + 2e−              N2O + H2O     (1.8) 
 
 
Compound (GS) η1-NOx  η
1-OxN or  
 η1-NOx 











(TPP)Mn(NO) 1760L,a or 
1739L, 
1614B,L[138] 











1791 [39] 1645 [39] 1497 [39]  
(OEP)Ru(NO)- 
(SCH2CF3) 
1788 [39] 1660 [39] 1546 [39]  
(OEP)Fe(NO) 1672  [43] 1532 [43]  144.4(2), 
142.74(8) [179] 













Several review articles on this process, and the effects of NOx in the 
environment and on biological systems have recently been published.21,201-203 In bacteria 
nitric oxide reductases (NOR) (i.e. the enzyme responsible for the reduction of NO), for 
instance, the enzymatic active site is composed of  a bimetallic iron center; a heme iron 
center in close proximity with  a nonheme iron center, and both centers are known to 
work coherently in the reduction of NO to N2O. Three mechanisms; namely, the cis-
heme b3 mechanism, the cis-FeB mechanism and the trans mechanism (Fig. 1.42) have 
been suggested as possible pathways for this reduction process.204 
 
 
Figure 1.42. Putative mechanisms of nitric oxide reductase (NOR). General 
mechanisms involve: (i) initial coordination of NO at diiron center; (ii) coupling of two 
NO molecules (formation of a N−N bond) to form a hyponitrite intermediate, (iii) 
cleavage of an N−O bond and the release of N2O.
204 Reproduced from Ref. 204 with 
permission of The Royal Society of Chemistry. 
 
Each of the proposed mechanisms begins first by the coupling of two NO 
molecules by the two different iron centers (a heme iron center and a nonheme iron 
center) leading to the initial formation of a hyponitrite intermediate complex. The 




hyponitrite complex, and how this affects the breaking of the N−O has been a question 
of serious experimental and theoretical scrutiny. The N−O bond of the hyponitrite 
complex is proposed to be one of the bonds that break during NO reduction leading to 
the release of N2O and H2O. 
In the cis-heme b3 mechanism model, it has been proposed that one NO 
molecule reacts with the heme iron center to form the {FeNO}7 complex activating it 
for attack by a second free NO molecule to generate the cis-N bound Fe-hyponitrite 
intermediate complex (Fig. 1.43 A).204 Reduction of the [Fe-N2O2] complex to the  
 
Figure 1.43. Intermediates in the three putative mechanisms for NO reduction by nitric 






hyponitrite ion followed by cleavage of one of the N−O bonds of the hyponitrite then 
results in the release of N2O and H2O as by-product. In the cis-FeB mechanism, 
however, the two NO molecules interact with the Fe of nonheme complex to generate 
the dinitrosyl nonheme complex. The dinitrosyl nonheme Fe complex formed then 
complexes with the heme-Fe3+ to generate the bimetallic intermediate in which the 
nonheme Fe coordinates with the hyponitrite on the nitrogens and the heme Fe 
coordinates at the two oxygens (Fig. 1.43 B). In contrast, in the trans mechanism each 
of the iron centers react with one NO molecule to form the {FeNO}7 heme complex and 
the nonheme complex. Subsequently, the two {FeNO}7 complexes couple via their 
nitrogens to generate the trans N-bound complex as shown in Fig. 1.43 C.204 
Related to the mechanism of action of NOR on NO is the action of the heme 
copper oxidases (HCO) which is composed of a heme a3 active site in close proximity 
to a copper active site.205 The proposed mechanism of action of HCO in NO reduction 
entails an initial “fast binding” of one NO molecule to the His-heme a3 site (2 in Fig. 
1.44) followed by another slow binding of the second NO molecule to the CuB center. 
These two NO-coordinated metal intermediate complexes couple together via the N of 
the coordinated NO molecules to generate (in the presence of H+) the protonated 
hyponitrite bimetallic complex (3 in Fig. 1.44).The generation of N2O in this 
mechanism is promoted by another H+ ion and H2O is produced as a byproduct. Like 
the NORs the proposed hyponitrite complex in the HCO has been a subject of scrutiny. 
Recently, Varotsis and coworkers performed DFT calculations (B3LYP/6-31G*) on the 
hyponitrite ion complex models for which resonance Raman (RR) spectroscopy was 





Figure 1.44. Proposed mechanism for the reduction of NO to N2O by ba3-oxidase. 
Reproduced with permission from ref. 207 Copyright 2005 American Chemical Society. 
 
were observed in the calculated RR spectrum of the model complex and these were 
assigned to the heme a3 Fe−N−OH bending and the N−N (in the mono-hyponitrite 
intermediate) stretching frequencies, respectively. The 1334 cm-1 band is lower than the 
reported 1392 cm-1 band observed in the Raman spectrum of Na2N2O2 
208 suggesting a 
single N−N character in the proposed intermediate. Thus, a protonated hyponitrite 
intermediate complex (3 in Fig. 1.44) is a likely intermediate in the NO reduction by 
HCO.  
We note that in the proposed mechanism of action of NOR and HCO, one thing 
is common, namely, formation of the N−N bond via coupling of two NO molecules at a 
bimetallic center. In this regard we deem it worthwhile to digress and discuss briefly the 





1.3.4.1 The nitric oxide dimer and its reduced forms 
The neutral nitric oxide dimer, N2O2 is a diamagnetic molecule and is formed 
from nitric oxide in the condensed phase at low temperatures as shown in Eq. 1.9. 
 
                                                          (1.9) 
The NO dimer is unstable with an estimated binding energy of 2 kcal mol-1209 
and can exist in the trans or the cis form (Fig. 1.45). Several experimental studies,  
 
 
Figure 1.45. cis and trans (a) NO dimer, (b) hyponitrite dianion.  
 
including gaseous infrared210-212 and UV spectroscopic studies213 show that the cis-
ONNO isomer is the most stable form. The N−N bond length in the cis-ONNO has been 
calculated to be 1.77 Å214 and 1.62 Å.215 The experimental N−N bond length (2.263 Å) 
determined via rotational transition frequency for 14NO−14NO, 15NO−15NO and 
14NO−15NO210, and X-ray diffraction experiments (2.18 Å)216 both show that this bond 




N−N bond in N2O2 was explained by Harcourt using ab initio valence bond calculation 
(STO-5G basis set).217 The lengthening was associated with the strong repulsion 
between the lone-pair electrons on the sp2 hybridized nitrogens.217 Harcourt also 
explained that the orbitals that form the N−N σ-bond are mostly 2p in character and 
tend to orient at right angles to the N−O bond axes and this tends to affect the N−N 
bond length. 
The reduced monoanion (NO)2
− and dianion (NO)2
2− forms of N2O2 have 
relatively different electronic and structural properties. For example, Snis and Panas 
have shown by DFT calculations that the N−N bond length decreases drastically on 
moving from the neutral to the monoanion and dianion hyponitrite (cis-NO dimer: 
1.991 Å; cis-N2O2
−: 1.206 Å; and cis-N2O2
2−: 1.292 Å) with a corresponding increase in 
the N−N frequency.218 The calculations by Snis and Panas is complemented by 
experimental results from Mckellar, Bohle and Felmann who observed N−N bond 
lengths of 2.2630(12), 1.256(2) and 1.20(3) for the neutral cis-N2O2, trans-Na2N2O2 and 
cis-Na2N2O2, respectively.
210,219-221 Furthermore, the trans isomer was found to be the 
most stable isomer of the dianion hyponitrites. Several hyponitrite salts have been 
prepared and isolated, and are known to be quite stable. The methods available for the 
preparation of hyponitrites are sparse in the literature. There are three main procedures 
for generating the hyponitrite salts of sodium (Fig. 1.46). In particular, the isomeric 
forms of Na2N2O2 can be selectively prepared. The cis-Na2N2O2 salt can be produced 
by reaction of sodium metal with nitric oxide in liquid NH3, or by reacting Na2O with 
N2O at high temperatures.
220,222 The trans-Na2N2O2 isomer is prepared by treating an 
aqueous NaNO2 solution with sodium amalgam at 0 °C.









hyponitrite salts have been converted to other metal (Ag, Mg, Co, Pb) salts (Fig. 1.47 
and Table 1.3).  
 
 








Table 1.3. Vibrational spectroscopic data for some hyponitrite salts 
a Infrared spectroscopy; b Raman spectroscopy. br = broad 
 
To this end we have identified and categorized the preparation methods  
for hyponitrite compounds into three main categories depending on the number of 
nitrogen nitrogen atoms contributed by the different reacting molecules in the formation 
of the N−N bond (Table 1.4).  
 
 Table 1.4. Selected structural data for NO, the NO dimer, and sodium hyponitrite. 
 
 
In the first category (Category 1) the hyponitrite complex is prepared from 
reaction between a molecule bearing only one nitrogen and another without a nitrogen 
atom. Examples include metal-mediated reduction of NOx
227-232 or oxidation of 
hydroxylamine to hyponitrite.233 In these reactions a transition metal complex plays a 










NO (in Ar)  1875a   36 
Cis-N2O2 (gas)  1788
a 1860a  211 
trans-N2O2 (in CO2)  1740
a   225 
trans-Na2N2O2 1392
b 1035a 958b 629a 208,222 
cis-Na2N2O2 1314
a 1047a 830a  222 
Hg2N2O2  1138
a  618a 208 
MgN2O2  1051
a 862a 585a 226 
Ag2N2O2  1058
a  571a  208 
PbN2O2  1128
a 990a 683a 226 
BaN2O2  ca.1015
a 996a ca. 515a 226 
CoN2O2  1150 (br)
a 896a ca. 670a 226 
Molecule N−N (Å) N−O (Å) N−N−O (°) Ref 
NO  1.15  36 
cis-N2O2 2.2630(12) 1.1515(3) 97.17(5) 
210 
trans-Na2N2O2 1.256(2) 1.3622(11) 112.14(9) 
219 





role in coupling two NO molecules or activating one NO for attack by another NO 
molecule. In the second category (category 2) the hyponitrite complex is prepared from 
two or more molecules in which, at least each of the reacting molecules bears a nitrogen 
atom. Here, unlike category 1, no metal is involved. A typical example is the reaction 
between nitrous acid (or its derivative) with hydroxylamine (or its derivative).234 In the 
third category (category 3), the hyponitrite compound is prepared from reactions in 
which at least one of the reacting molecules contains the two N atoms used in the 
formation of the hyponitrite N−N bond, or in which there is a direct transfer of the 
hyponitrite unit to another group. An example of category 3 hyponitrite synthesis is the 
transfer of the hyponitrite unit in an organic diazenium diolate, hyponitrous acid or a 
hyponitrite salt to a metal.219,235-237 Fig. 1.48 shows representative examples of the three 






Figure 1.48. Representative examples of the three categories of preparation procedures 
for hyponitrite compounds. See text for explanation. 
 
1.3.4.2 Metal hyponitrite binding modes 
The first crystal structure of a transition metal hyponitrite complex was reported 
for the red [(NH3)5Co(µ-N2O2)Co(NH3)5]
4+ complex by Hoskins et al.238 in 1969 and 
vibrational spectra and redetermination of the X-ray structure was reported by Villalba, 
et al. in 2006.239 The X-ray crystal structure of the [(NH3)5Co(µ-N2O2)Co(NH3)5]
4+ 
complex shows the cis-hyponitrite binding mode (structure B, Fig. 1.49) where one Co 
metal is bound via N, and the other Co via O. Fig. 1.49 shows schematic representations 
of some structurally characterized metal hyponitrite binding modes in inorganic 









The X-ray structure of the cis-hyponitrite O,O-binding mode has been 
determined for (PPh3)2Pt(N2O2),
236,240 and (dppf)Ni(N2O2).
235 Quite recently, Hayton 
and coworkers reported the crystal structure of the related (bipy)Ni(N2O2) complex 
which also possesses the cis-N2O2 moiety (structure A).
241 The crystal structure of the 
trans-hyponitrite N,O-binding mode (structure C) was reported by Böttcher and 
coworkers for the bimetallic ruthenium complex Ru2(CO)4(µ-H)( µ-PBu
t
2)( µ-X)( µ-
N2O2) (X = dppm
227, dppen, dpppha, dpppra, dppbza).242 To date the crystal structure 
reported for the complex [(NO)2Co(µ-NO2)]2(µ-N2O2) remains the only example of 
metal complex possessing a hyponitrite ligand with the structure D linkage which was 
only isolated by Bau and coworkers at low yields.243 It will be interesting to see the 
original spectroscopic data of this complex. Some examples of the structure E 







245 Table 1.5 shows selected 
structural data for these compounds. 
Returning to the discussion on the reduction of NO to N2O by the bimetallic 
active sites in the heme containing NORs and the HCOs, we note that although the 
mechanisms of these transformations have been vigorously studied experimentally, the 
elucidation of the reduction pathway still remains a challenging problem. DFT 
calculations by Varotsis and coworkers (discussed above) and other calculations 
performed by Blomberg and coworkers on the ba3-type HCO
246 and the bacterial NOR 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































We would like to point out that following the report of the crystal structure of 
binuclear center in the NOR from P. aeruginosa (Fig. 1.50)248 there now seems to be a 
much better precedence for clearly defining the mechanism of reaction at the bimetallic 
center of NOR. Blomberg and Siegbahn249 recently performed quantum mechanical 
calculations (B3LYP and B3LYP*) of a model of the Fe and Cu binuclear active center 
 
 
Figure 1.50. Sketch of the binuclear center in NOR from P. aeruginosa.248  
 
in NOR from P. aeruginosa which strongly suggest the cis-b3 mechanism. They 
calculated a barrier for the formation of the cis-hyponitrite intermediate heme complex 
to be 19.8 kcal mol-1 higher than the oxidized diiron active site; a value quite close to 
the estimated 16 kcal mol-1 value obtained experimentally.250,251 
In related work, Richter-Addo and coworkers reported a DFT study on a mono-
metal heme model system of the proposed mono-heme hyponitrite intermediate by 
calculating the effects of addition of an electron or a proton to a six-coordinate 




by coupling via attack of NO on (P)Fe(NO)(Im)), two products, depending on the 
relative orientation of NONO and Im axial planes, namely [(P)Fe(NONO)(Im)]∥ and 
[(P)Fe(NONO)(Im)]  were calculated to have similar energies. The calculated N−N 
bond distances obtained for the models compounds were 1.960 and 1.957 Å, 
respectively. 
As indicated in Eq. 1.8, the reduction of NO to N2O by NOR requires electrons 
and protons. To model the role of the transferable electron from the supposedly 
nonheme center, and the effect of the electron transfer on the geometry of the proposed 
hyponitrite complex through changes in bond distance and electron densities, Richter-
Addo and coworkers subjected the anionic [(P)Fe(NONO)(Im)] − to theoretical 
calculations. Quite interestingly, the addition of one electron contributed in 
strengthening the N−N bond as evidenced by a decrease in the N−N bond distance in 
the neutral [(P)Fe(NONO)(Im)] , for instance, from 1.957 to 1.708 Å in the anionic 
[(P)Fe(NONO)(Im)] − structure. Yet this N−N = 1.708 Å bond length is relatively long 
and does not correspond with the expected ~1.45 Å bond length for an N−N single 
bond, or an N=N double bond in the hyponitrite complex.8,253 This then poses a question 
on the role of the nonheme center in stabilizing the hyponitrite ligand in the complex 
and how this affects NO reduction.  Blomberg and Sieghahn have performed some 
theoretical studies which supports the possibility that the nonheme Fe coordinates with 
the NO of the six-coordinate (heme)Fe(NO)Im complex via isonitrosyl linkage 
((nonheme)Fe−O) bond = 2.19 Å), which then activates the bound NO for attack by a 




Spin density diagrams of [(P)Fe(NONO)(Im)] 0 and [(P)Fe(NONO)(Im)] − (Fig. 
1.51) obtained using (B3LYP/TZVP) revealed interesting observations. First, Richter-
Addo and coworkers observed a greater localization of the highest occupied spin orbital 
 
 
Figure 1.51. The highest occupied spin orbitals (α-HOSO) and lowest unoccupied spin 
orbitals (α LUSO) of the neutral [(P)Fe(NONO)(Im)]  (a) and the anionic 
[(P)Fe(NONO)(Im)] − (b) complexes. 252 Reproduced from ref. 252 with permission from 
the Royal Society of Chemistry. 
 
(HOSO) of [(P)Fe(NONO)(Im)] − on the hyponitrite moiety with 78% NN bonding 
character with appreciable of 43% localized on the NN unit (Fig. 1.51 b left). Secondly, 




observations led them to believe that the electron was added to the lowest unoccupied 
spin orbital (LUSO) of the precursor in Fig. 1.52a right.  
 
 
Figure 1.52. Sketches of the non-protonated [(P)Fe(NONO)(Im)] − (A) and their 
protonated products (B-D). 
 
They then proceeded to determine the effects of addition of a proton to their 
[(P)Fe(NONO)(Im)]− system. There are three possible areas of proton: attack at O1, N2, 
or O2 which would lead to protonated products B, C, and D, respectively (Fig. 1.52).  
Geometric optimization of the starting non-protonated anionic 
[(P)Fe(NONO)(Im)]  model and its corresponding protonated forms revealed an 
interesting observation. Firstly, the addition of a proton to any of the three possible 
protonation sites resulted in changes in the bond lengths (Fig. 1.52, Fig. 1.53 and Table 
1.6). Protonation of the O1 atom saw a significant shortening of the N−N bond length 
from 1.708 Å to a bond distance (1.339 Å) between a single bond and a double bond. 
The “nitrosyl” (N1−O1) bond length increased by 0.204 Å to 1.421 Å and the N2−O2 




[(P)Fe(NOHNO)(Im)]  (B) has a single bond character. Addition of a proton to the 
uncoordinated N atom (N2) gave a complex C which was calculated to have a N−N  
 
Figure 1.53. Calculated geometries and selected atomic spin densities (BP86/TZVP) of 
three products resulting from protonation of [(por)Fe(NONO)(Im)] . Bond distances are 
in italics underline. Reproduced from Ref. 252 with permission from the Royal Society of 
Chemistry. 
 
bond distance of 1.403 Å. Unlike B, there was only a small increase in the (N1−O1) 
(0.013 Å) to 1.230 Å and thus, exhibits a double bond character as depicted in Fig. 1.53 
C. Protonation at O2 generated a product (D) which was observed to have the shortest 
N−N bond distance. Clearly, the 1.292 Å bond distance calculated for the N−N bond is 
indicative of a double bond character in N1−N2 in D. However, there was no significant 
change in the relative orientation of the NONO and Im ligand planes. Interestingly, 
there was a significant increase in the Fe−N1 bond distance from 1.886 Å to 1.981 Å in 




N2−O2 bonds became weaker upon O2 protonation of the anionic 
[(por)Fe(NONO)(Im)]  and those bonds may be the sites of reduction of NO to N2O 
and H2O.  
 
Table 1.6. Selected calculated bond distances in the non-protonated (A) and protonated 
(B-D) [(P)Fe(NONO)(Im)] systems obtained using BP86/TZVP. 
 
a Difference in bond length calculated by subtracting the bond distance of interest of the protonated 
structure from that of the corresponding anionic structure (A) in Å. Negative values mean bond 
shortened. 
 
The second observation after protonation of the anionic [(por)Fe(NONO)(Im)]  
model is the increase in the spin density of Fe from −0.01 in the nonprotonated model to 
0.70, 0.54, and 1.00, (using BP86/TZVP ) for B, C and D, respectively (Fig. 1.53). This 
observation is consistent with the proposed change in oxidation state of Fe of low-spin  
+2 to +3 after addition of proton (Fig. 1.44).204 
In 2009, our research group’s interest in the interaction of NOx molecules with 
metalloporphyrins was extended to investigating the role of the heme active site 
independent of the nonheme site in the mechanism of action of the NORs. To this end, 
Richter-Addo and coworkers sought to prepare and isolate the hyponitrite-bridged 












































successfully prepared by treating a toluene solution of (OEP)Fe(OMe) or the oxo-dimer 
complex, [(OEP)Fe]2(µ-O) with hyponitrous acid (Eq. 1.10 and 1.11) which may be 
viewed as a category 3 hyponitrite complex synthesis. See Section 1.3.4.1. 
 
2[(OEP)Fe(OMe)] + H2N2O2            [(OEP)Fe]2(µ-ONNO) + MeOH         (1.10) 
 
[(OEP)Fe]2O + H2N2O2              [(OEP)Fe]2(µ-ONNO) + H2O            (1.11) 
 
In their effort to structurally characterize our [(OEP)Fe]2(µ-ONNO) complex 
Richter-Addo and coworkers resorted, initially, to spectroscopy. They performed IR 
spectroscopic analysis on the [(OEP)Fe]2(µ-ONNO) complex and observed a new 
isotope-sensitive IR band at 982 cm-1 in the IR spectrum which was unambiguously 
assigned to the νas of the NO (νas for 
15NO is 973 cm-18 and the reported νas of H2N2O2 is 
1014/ 1003 cm-1) without trace of the 875 cm-1 band from the Fe−O−Fe starting 
compound. In a follow-up collaborative work with Lehnert and coworkers, they 
reported a weak isotope-sensitive band at 436 cm-1 in the IR spectrum assigned to the 
bound hyponitrite ligand.254 In addition, NRVS experiments, in conjunction with DFT 
calculations, were utilized to assign the additional single isotope-sensitive band 
observed at 322 cm-1 and associated it with the Fe−ONNO−Fe unit.254 
They succeeded in obtaining the desired X-ray crystal structure of the 
[(OEP)Fe]2(µ-ONNO) complex which crystallized as a tetrakis-(dichloromethane) 
solvent (Fig. 1.54). 
The crystal structure of [(OEP)Fe]2(µ-ONNO) demonstrates one example of 
trans hyponitrite bridge bimetallic complex proposed as an intermediate in the 




centers instead of the proposed heme and nonheme bimetallic centers. Regardless, we 
note here that the [(OEP)Fe]2(µ-ONNO) complex is, to date, the only reported crystal 
structure of a trans hyponitrite-bridge bimetallic porphyrin complex. Key structural 
features of the crystal structure are worthy of note. 
 
 
Figure 1.54. Molecular structure of [(OEP)Fe]2(μ-ONNO). Top: H atoms and the 
CH2Cl2 solvates have been omitted for clarity. Bottom: With CH2Cl2 solvates but 
without non-solvate H atoms. Reproduced with permission from Ref. 8 Copyright 2010 





First, the N2O2 ligand is bound to each of the iron centers via the O which has been 
proposed to be a possible mode of binding in the NOR and HCO as discussed above. 
Richter-Addo and coworkers also observed in this crystal structure a N−N bond length 
of 1.250(3) Å (cf., N−N double bond = 1.25 Å; N−N bond in trans-Na2N2O2 is 1.256(2) 
Å219); an indication of double bond character. 
In addition, it was observed from the crystal structure that the two iron centers 
are separated from each other by a distance of 6.7 Å (Fig. 1.55). In contrast, the distance 
between the heme Fe center and nonheme Fe center in the crystal structure of the NOR 
Pseudom. aeruginosa thermophilus cyt ba3 obtained at 2.7 Å resolution was reported to 
 
 
Figure 1.55. The Fe−Fe distance in the [(OEP)Fe]2(µ-ONNO) complex. 
 
be 3.9 Å, and the Fe−Cu distance obtained in the crystal structure of thermophilus cyt 
ba3 was determined to be 4.4 Å.
255 Furthermore, it was noted that the Fe atoms in the 
porphyrin centers are displaced from the 4N mean plane by 0.40 Å. Scheidt and 




complexes and have come to the generalization that the spin state and stereochemistry 
of the iron(III) center is governed by the nature and number of axial ligands; namely, 
weak field ligands lead to five coordinate high-spin complexes and high field ligands 
generally lead to high-spin six-coordinate complexes.256 By this generalization, it was 
envisioned that the iron centers in the [(OEP)Fe]2(µ-ONNO) complex were each in the 
+3 oxidation states. To confirm this, EPR experiments were employed to study the spin 
state of the complex. EPR data of a frozen CH2Cl2 sample of the [(OEP)Fe]2(µ-ONNO) 
complex at liquid helium temperature (4 K) were collected. Quite unexpectedly, the 
EPR signal showed signals consistent with a high-spin complex (S = 5/2) (Fig. 1.56). 
The [(OEP)Fe]2(µ-ONNO) complex was expected to be EPR-silent due to bridging of 
the two iron centers. Indeed, by doing a quantification of the EPR signal of 
[(OEP)Fe]2(µ-ONNO) complex against the standard (F8TPP)FeCl at 4 K, Richter-Addo 
and coworkers obtained EPR signals suggesting that the EPR signal observed in the 
[(OEP)Fe]2(µ-ONNO)] complex was due to ~20 mol% impurity , (OEP)Fe(OH) (Fig. 
1.56 and 1.57) Attempts at avoiding the formation of the (OEP)Fe(OH) impurity proved 
futile. 
Richter-Addo and coworkers  then proceeded to perform SQUID susceptibility 
measurements on the [(OEP)Fe]2(µ-ONNO) complex which showed a constant 
magnetic moment above 100 K implying that the ferric centers in the hyponitrite are 
only weakly magnetically coupled, an indication that the hyponitrite probably exhibits 







Figure 1.56. EPR spectrum of [(OEP)Fe]2(µ-ONNO) 
254 versus the S = 5/2 spin 
standard [Fe(F8TPP)Cl] recorded at 4 K. The solutions are 3mM in iron centers. 




Figure 1.57. Integration of the EPR spectrum of {[(OEP)Fe]2(μ-N2O2)} versus that of 
the S = 5/2 spin standard [(F8TPP)Fe]Cl recorded at the identical concentration (3 mM) 
in CH2Cl2 solution at 4K. The signal observed for [(OEP)Fe]2(μ-N2O2)] is due to the 
presence of about 20 mol% of a high-spin ferric impurity, likely [Fe(OEP)(OH)], that is 
commonly observed in preparations of {[(OEP)Fe]2(μ-N2O2)}. Reproduced with 
permission from Ref. 254 Copyright 2014 American Chemical Society. 
 
 
DFT calculations for the [(P)Fe]2(µ-N2O2)] model complex using B3LYP 





254  We note that their calculations predicted an energy gap of ~2 kcal mol-1 
between the trans-N2O2 product and the cis-N2O2 product, an indication that both 
isomers may form.  
Calculations of the bond orders in the Fe−O−N−N−O−Fe using the Nalewajski-
Mrozek scheme was used to confirm a double bond character in the N−N bond (Fig. 
1.58).  In the trans high-spin model, Richter-Addo and coworkers observed a positive 




Figure 1.58. Calculated atomic charges and bond orders for the FeONNOFe moiety.237 
 
Furthermore, the frontier spin orbital diagram which was obtained from the 
unrestricted open-shell calculation suggests that the interaction in both the highest 







Figure 1.59. Frontier spin orbitals for high-spin [(P)Fe]2(µ-N2O2). HOSO and LUSO 
denote the highest occupied and the lowest unoccupied spin orbitals, respectively. 
Reproduced with permission from Ref. 237 Copyright 2009 American Chemical Society. 
  
In addition, molecular orbital diagram calculated with B3LYP/TZVP for the 
BP86/TZVP-optimized structure revealed that the strongest component of coupling of 
the hyponitrite to the iron originates from the π-donation from the occupied π* orbital of 
the hyponitrite, orthogonal to the ONNO plane, into the appropriate t2g-type d orbitals 
of the iron(III) as depicted in Fig. 1.60. The hyponitrite π* orbital is mostly located in 
the terminal oxygens of the hyponitrite anion and could therefore be considered to bear 






Figure 1.60. Key occupied molecular orbital (β<193>, the β HOMO) of {[Fe(P)]2(μ-
N2O2)} (S = 3) that illustrates the π-coupling between the iron centers across the 
hyponitrite bridge. This MO has 21% Fe and 65% hyponitrite charge contributions. 
Calculated with B3LYP/TZVP for the BP86/TZVP-optimized structure. Reproduced 
with permission from ref. 254 Copyright 2014 American Chemical Society. 
 
With the structure of the trans-bridged hyponitrite complex [(OEP)Fe]2(μ-
N2O2)] established by spectroscopy, EPR and theoretical calculations,
237,254 Richter-
Addo and coworkers sought to investigate the mechanism by which [(OEP)Fe]2(μ-
N2O2)] releases N2O and H2O. Specifically, they wanted to explore the effects of H
+ ion 
on the decomposition of [(OEP)Fe]2(μ-N2O2)] complex. The treatment of a toluene 
solution of the [(OEP)Fe]2(μ-N2O2)] complex with hydrochloric acid resulted in the 
formation of (OEP)FeCl, H2O and N2O (Fig. 1.61). The N2O produced was easily 
detected by IR spectroscopy.237 Isotope sensitive bands were observed at 2236/2213 and 
1298/1266 cm-1 and these were assigned to the νas and νs of N2O, respectively. The 
corresponding isotopic 15N2O νas bands were observed at 2167/2144 cm
-1, but the νs 





Figure 1.61. (Path a) decomposition of [(OEP)Fe]2(µ-ONNO)] by addition of HCl; 
(path b) thermal decomposition of [(OEP)Fe]2(µ-ONNO)] at room temperature.  
 
We note also that the complex [(OEP)Fe]2(µ-ONNO)] is thermally unstable. At 
room temperature, and in solution, or even in the crystalline form [(OEP)Fe]2(µ-
ONNO)] readily decomposes to the known (OEP)Fe(NO) complex (Path b in Fig. 
1.61).254 The resulting (OEP)Fe(NO) product was detected by EPR which shows a 
three-line hyperfine splitting signals consistent with ferrous heme. The decomposed 
product was confirmed by UV spectroscopy. Absorption measurements taken at 30 °C 
for a CH2Cl2 solution of [(OEP)Fe]2(µ-ONNO)] shows the isosbestic conversion of the 
620 nm Q band of [(OEP)Fe]2(µ-ONNO)] to the characteristic bands at 565 and 595 nm 
for (OEP)Fe(NO).257 We would like to point out also that the related [(PPDME)Fe]2(µ-
N2O2) compound similarly decomposes to the five-coordinate (PPDME)Fe(NO) 
complex, N2O and H2O.
254 
As already discussed above the binuclear center in NOR from P. aeruginosa, for 
instance possesses a histidine protein at the axial position.248 Richter-Addo and 
coworkers wanted to explore further the function of the histidine moiety in the 




In this regard, they treated the [(OEP)Fe]2(µ-ONNO)] complex with 1-
methylimidazole (1-MeIm) and studied the rate of decomposition of the resulting 
complexes ([(OEP)Fe]2(µ-ONNO)(1-MeIm)n; n = 1 or 2) (Fig. 1.62). It was discovered 
that in the presence of 13-fold excess 1-MeIm, the [(OEP)Fe]2(µ-ONNO)] complex 
completely converted to the (OEP)Fe(NO) complex in 80 minutes. In contrast, without 
1-MeIm, the [(OEP)Fe]2(µ-ONNO)] converts to the (OEP)Fe(NO) complex in 6 hours. 
They envisioned that at higher 1-MeIm concentration the hyponitrite ligand may be 
displaced in which case the EPR active (OEP)Fe(1-MeIm)2 complex could form. Quite 
interestingly, the latter complex was not observed in the EPR spectrum. Thus, it is 
likely that the presence of the N-donor histidine at the axial position of the heme iron 






Figure 1.62. Decomposition of [(OEP)Fe]2(µ-ONNO)] in the presence of 1-
Methylimidazole. k5 > k3. Modified with permission from ref. 
254 Copyright 2014 
American Chemical Society. 
 
Richter-Addo and coworkers then wanted to probe what the mechanism of 
decomposition of [(OEP)Fe]2(µ-ONNO)] to (OEP)Fe(NO) would be. Fig. 1.63 shows 







Figure1.63. Potential decomposition pathways of [(OEP)Fe]2(µ-ONNO). Reproduced 
with permission from Ref. 254 Copyright 2014 American Chemical Society. 
 
Two pathways were proposed (Fig. 1.63) for the decomposition of 
[(OEP)Fe]2(µ-ONNO) to (OEP)Fe(NO). In the first pathway (A) they envisioned a 
direct breaking of the N−N bond in of [(OEP)Fe]2(µ-ONNO)] leading to the formation 
of the metastable (OEP)Fe(η1-ON) complex (discussed above).43 The latter complex 
then linkage-isomerizes to the more stable nitrosyl complex (OEP)Fe(NO). They also 
considered another pathway, Path B. In this pathway, they hypothesize that the O,O-
hyponitrite bridged complex first isomerizes to the N,N-bound trans isomer and the 
N−N bond of the latter complex cleaves yielding the (OEP)Fe(NO) complex. To probe 
this further, they resorted to DFT calculations to help elucidate the probable path of 
decomposition. DFT data obtained for model [(P)Fe]2(µ-N2O2) seems to favor 
decomposition of [(P)Fe]2(µ-N2O2) via path B, since there is a better match with the 







1.4 Heme Proteins 
The biological effects of nitrites have been known for many decades. Earlier 
work by Gamgee, Haldene, Makgill, and Mavrogordato in this area has contributed 
immensely in understanding the action of NOx on blood.
258-260 For example, it was 
discovered more than a century ago that NOx contribute to methemoglobinemia 
conditions in animals.259 Although high concentrations of NOx molecules are toxic, NOx 
molecules are also practically relevant. In the food industry, nitrite, for example is used 
in preserving and curing meat.169 In biological systems there are enzymes known to 
reduce NOx to less toxic molecules. A typical example of such enzymes is the nitrite 
reductases (NiR) which are responsible for the one electron reduction of NO2
− to NO 
(Eq. 1.12).  
 
NO2
− + 2H+ + e−              NO + H2O                           (1.12) 
 
There are two main types of NiRs involved in the reduction of nitrites, namely, 
the heme-containing cytochrome cd1 NiR which was obtained and first purified from 
Thiosphaera pantotropha.261 The second kind of NiR is the copper-containing NiR 
which was first isolated from Alcaligenes xylosoxidans NCIB 11015, a bacterial isolated 
from a soil in Japan. Other Cu NiR have been isolated from, Achromobacter 
cycloclastes, Alcaligenes faecalis S-6, Bacillus halodenitrificans, Haloferax 
denitrificans, Nitrosomonas europaea, Pseudomonas aureofaciens, Rhodobacter 
sphaeroides, and Hyphomicrobium sp.262 (and references therein). In mammalian 




oxide. In synthetic iron porphyrins, Ford and coworkers have demonstrated how nitrites 
inhibit the reductive nitrosylation process by forming ferric-nitrites species.266 
The mode of NO2 binding to the irons centers (Fig. 1.1 II) in these NiRs has 
been of interest to many researchers. We note that, many of the structurally 
characterized proteins and related heme complexes of NO2 have NO2 bound to the 
metal via N.137,267-270 
Although earlier Gamgee provided spectroscopic data to show how the color of 
blood was changed by treating with nitrites,258there was no crystal structure of a Mb-
nitrite or Hb-nitrite of the proposed adduct.8 More than a century later after Gamgee’s 
report, the first crystal structure of a horse heart myoglobin adduct of nitrite,271 and 
later, the X-ray structure of the green pigment in nitrite-cured meat272 were reported by 
Richter-Addo and coworkers. The nitrite-bound adduct crystals of hh Mb were obtained 
either by allowing a NaNO2 solution to soak into crystals of aqua-metMb or by treating 
a solution of metMb with NaNO2 and then growing the crystals from the solution. Thus, 
the method of preparation of the crystals, either by soaking the nitrite into the 
preformed crystal or by growing crystals from a solution of MbIII(nitrite) did not affect 
the mode of binding of the nitrite. Richter-Addo and coworkers observed, for the first 








Figure 1.64. Fo−Fc omit electron density maps (contoured at 3σ) and final models of 
the heme environments of the O-bound nitrite adducts of (A) wild-type horse heart 
ferric Mb (1.20 Å resolution; PDB access code 2FRF),271 (B) MnIII-substituted Mb 
(1.60 Å resolution; PDB access code 2O5O),160 and (C) CoIII-substituted Mb (1.60 Å 
resolution; PDB access code 2O5S).160 Reproduced with permission from Ref. 8 
Copyright 2010 American Chemical Society. 
 
Key features of the crystal structure of the hh MbIII(ONO) complex are worthy 
of note. The Fe−O bond distance in the crystal structure of hh MbIII(ONO) is 1.94 Å and 
the Fe−O−N moiety is essentially bent with a bond angle of 116°. The Fe−N(His93) 
bond length is 2.07 Å. We note that whereas the ferric (d5) Mb−ONO complex was 
formed, the corresponding ferrous (d6) Mb−ONO complex was not obtained following 
similar experimental procedure. In contrast the Fe−NO2 modes of binding have been 




nitrito binding mode has been observed in (TPP)Fe(NO)(NO2) in the metastable state 
following irradiation of the ground state isomer at low temperatures (see Section 
1.2.3).180 However, in another work, Richter-Addo and coworkers succeeded in 
obtaining the crystal structure of the ferrous (d6) MbII(ONO)* (* = photoreduced 
product) complex by photoreduction of the MbIII(ONO) precursor (Eq. 1.13) using a 
correlated microspectrophotometry and synchrotron X-ray (3 x 1010 photons/s; λ = 1.0 
Å) photoreduction technique at 100 K.273 
 
MbIII(ONO) + e−           MbII(ONO/NO2)*                                             (1.13) 
 
The UV spectrum of the resulting photoreduced species differed from the 
precursor in the following ways. First, the Soret band was red-shifted with 
accompanying change in shape of the bands in the region of 500−600 nm. Secondly, 
there was an increase in intensity of the 570 nm band, an indication that a change in 
identity of the photoreduced product had occurred. Indeed X-ray crystal structure of the 








Figure 1.65. Single-crystal optical spectra (500−600 nm region, ~25 μm incident light 
focal spot size) of a crystal of ferric MbIII(ONO) during exposure to high-intensity X-
rays. The dark line is the original spectrum before X-ray exposure. The dashed line is 
the spectrum after exposure of the crystal to X-rays for 161 images at 15 s/image. The 
gray line is the spectrum at the end of data collection (365 images at 15 s/image). Fo − 
Fc omit electron density map (contoured at 5σ) and final model of the heme 
environment (1.55 Å resolution structure) of the ferrous MbII(ONO)* product obtained 
after exposure of the ferric precursor to high-intensity X-rays using images 161−365 for 
the structure determination. The bonds to Fe have been omitted for the sake of clarity, 
and the H-bond between the nitrito ligand and the distal His64 residue is shown as a 
yellow dashed line (distance in angstroms). Protein Data Bank entry 3LR9. Reproduced 
with permission from ref. 273 Copyright 2010 American Chemical Society. 
 
The nitrito mode of binding was also observed in the MnIIIMb-nitrite complex 
(Fig. 1.64 B) and quite unexpectedly in the d6 CoIIIMb-nitrite complex (Fig. 1.64 C). In 
synthetic Co porphyrin complexes the nitro configuration has been observed in the 
ground state.200  
Richter-Addo and coworkers observed the nitrito mode of binding in the related 
ferric human Hb.274 The crystal structure of this complex (Fig. 1.66) reveals two 






Figure 1.66. Fo − Fc omit electron density maps (contoured at 3σ) and final models of 
the heme environments of the O-bound nitrite adduct of ferric human Hb (1.80 Å 
resolution; PDB access code 3D7O). Reproduced with permission from Ref. 274 
Copyright 2008 American Chemical Society.  
 
It is interesting to note that in each of the crystal structures of the 
FeIIIMb(ONO), FeIIIHb(ONO), MnIIIMb(ONO), and CoIIIMb(ONO) complexes there is 
a histidine residue which is in hydrogen-bonding distance with the bound nitrito 
oxygen, a feature which was not observed in the related synthetic complexes. Thus, it 
was proposed that H-bonding with the histidines may be responsible for the observance 
of this “rare” nitrite heme complexes. Indeed, in the crystal structure of the nitrite 
adduct of the H64V mutant of Mb, they observed only the very weak nitro binding 
mode (Fig. 1.67 A)275 demonstrating how the lack of a distal histidine affects the mode 





Figure 1.67. Fo − Fc omit electron density maps (contoured at 3σ) and final models of 
the heme environments of (A) the N-bound nitrite adduct of the ferric Mb H64V mutant 
(1.95 Å resolution; PDB access code 3HEP) and (B) the O-bound nitrite adduct the 
ferric Mb H64V/V67R double mutant (2.0 Å resolution; PDB access code 3HEO).275 
Adapted with permission from Ref. 275 Copyright 2009 American Chemical Society. 
 
When the H64V mutant of Mb was further mutated to the H64V/V67R mutant, 
thus introducing hydrogen bonding, the nitrite binding mode was observed signifying 
the role of the histidine H in directing the mode of binding in the MbIII(ONO) heme 
proteins. Fig. 1.68 summarizes the effects of the H-donor histidine (or arginine) side 






Figure 1.68. Sketches of the active sites of wild-type Mb (a), H64V mutant (left) and 
nitrite adducts demonstrating the effects of H-bonding and non-H-bonding residue on 
mode of NO2 binding to Fe. 
  
In a related report, Richter-Addo and coworkers performed experiments on 
distal pocket control of nitrite binding in a Mb complex prepared from a wild-type 
protein and a chlorin macrocycle.276 They utilized the known chlorin compound 




compound into apoMb. The resulting MbChl(NO2) adduct showed two absorption 
bands at 419 nm and 652 nm in the UV/Vis spectrum. These bands were indications that 
NO2 was linked to Fe via N. The former band has also been observed in a CH2Cl2 
solution of the related FeMPPa(NO2) complex, and a similar band at 417 nm was 
observed in a CH2Cl2 solution of the relatively unstable (TPP)Fe(NO2) complex.
277,278 
Indeed, the crystal structure of the proposed adduct confirmed that NO2 was N-bound in 
the FeMPPaCl adduct (Fig. 1.69 A). More importantly, the Fe−N(nitrite) bond distance  
of 2.0 Å is in the range of those reported for the N-bound nitrite adducts of cyt c NiR 
(1.9 Å; 1.60 Å resolution),279,280 nitrophorin 4 (2.0 Å; 1.4 Å resolution), 281 cyt cd1 NiR 








Figure 1.69. A. The heme site of the 1.65 Å resolution structure of MbChl(NO2). ( i) 
The 2 Fo−Fc electron-density map (contoured at 1σ) and the final model; (ii) The Fo−Fc 
omit electron density map (contoured at 3σ) and the final model. B. The heme site of 
the 1.65 Å resolution structure of MbChl(ONO) ( i) The 2 Fo−Fc electron density map 
(contoured at 1σ) and the final model; ii) The Fo−Fc omit electron density map 
(contoured at 3σ) and the final model. Reproduced with permission from ref. 276 
 
Interestingly, when a solution of the aquometchlorin-substituted Mb 
(MbChl(H2O) was treated with sodium nitrite, the O-nitrito complex, MbChl(ONO) was 
obtained as evidenced by shift in the λ = 417 and 656 nm to 422 and 662 nm, 
respectively. The X-ray crystal structure of the adduct confirmed the nitrito isomer as 
shown in Fig. 1.69 B. A comparison of the two crystal structures reveal that in the 




shifted slightly toward the distal side without causing significant change in the positions 
of the amino acids that contact the macrocycle plane and the chlorin ester group moved 
from the proximal position in MbChl(NO2) further toward the exterior of the protein in 
MbChl(ONO), losing the direct hydrogen-bonding interaction with the Ser92 molecule. 
 Finally, we note that MbNO has been shown to possess a higher-energy 
isonitrosyl metastable form MbON.282 
 
1.5 Conclusion 
 The discovery that several compounds undergo NOx ligand isomerization 
provides opportunities for varied reactivities of these NOx liganded species as a function 
of NOx coordination mode.  Clearly, this field is in its infancy and in need of systematic 
studies of relevance to NOx combination/recombination processes and 
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Chapter 2: Synthesis, Characterization and Redox Behavior of Stable 
Ruthenium Nitrosyl Complexes with Axial O-Bound Ligands* 
2.1 Introduction 
Hemoproteins containing (por)Fe(O-ligand) (H2por = porphyrin macrocycle) 
active sites are important in enzymes such as heme catalase1,2 and in the heme 
acquisition HasAp3 and IsdB4  proteins.  Further, hemoglobin variants such as Hb M 
Boston [α58(E7)His→Tyr]5 contain axial O-coordinated tyrosine ligands bound to Fe, 
whereas the Hb M Milwaukee [β67(E 11)Val→Glu]6 variant contains an Fe-
coordinated distal carboxylate ligand.7 
Ferrocene-containing compounds have found use in selected biological 
applications. For example, ferrocene and its derivatives have been used as conjugates 
with amino acids, peptides, proteins, DNA, RNA, PNA, carbohydrates and hormones,8,9 
and conjugates of ferrocene with some drugs including, antibiotics such as penicillins 
and cephalosporins have shown similar antibacterial activity as amoxicillin, 
carbenicillin and cephalothin.10,11 Other drugs such as ferrocenyl aspirin,12 the 
antimalarial drugs ferroquine,13-15 as well as ferrocifen (anticancer drug tamixofen) 
drugs16 have ferrocenyl moieties incorporated into them and have potential for 
improved biological activity. Moreover, ferrocenylethyl maleimide groups have been 
incoorperated into cytochrome P450cam (C334A) as electroactive sulfydryl-specific 
reagent and have shown excellent redox properties.17,18  
______________________________________________________________________
* Sections of this chapter were taken from the article, “Awasabisah, et al., Dalton Trans. 2013, 42, 8537-





Heme catalase catalyzes the dismutation of H2O2 to dioxygen and H2O.
4 The 
vasodilator nitric oxide (NO) binds to heme catalase and inhibits the enzyme.19 It is 
interesting to note that although the X-ray structure of the NO adduct of heme catalase 
has been reported,20 the metal-NO geometry could not be determined accurately due to 
the low occupancy (~50%) of the NO ligand at the reported resolution of the structure.  
Indeed, only one crystal structure of a neutral model (por)Fe(NO)(O-ligand) complex 
has been reported to date,21 but this compound was not stable in solution precluding its 
detailed spectroscopic and electrochemical characterization. 
To begin to gain an understanding of the properties of the general class of group 
8 metalloporphyrins of the form (por)M(NO)(O-ligand) we have prepared, 
characterized and investigated the redox behaviors of several ruthenium nitrosyl 
porphyrin complexes, (T(p-OMe)PP)Ru(NO)(OC6HF4), (T(p-
OMe)PP)Ru(NO)(OC(=O)R) (R = CF3, CH3, CH(CH3)3, C(CH3)3, p-NO2-C6H4), (T(p-
OMe)PP) = tetra(p-methoxyphenyl)porphyrinato) and (por)Ru(NO)(OC(=O)Fc) (por:  
T(p-OMe)PP); TTP: tetra(p-tolyl)porphyrinato); Fc = ferrocenyl group) complexes. We 
have also determined the redox behavior of these compounds. This chapter describes 
the synthesis, characterization and electrochemical studies of these compounds. 
 
2.2 Experimental Section 
All reactions were performed under an atmosphere of nitrogen using standard 
Schlenk glassware and/ or in an Innovative Technology Labmaster 100 Dry Box unless 




from a solvent purification system (Innovative Technology, Inc. Newburyport, MA, PS-
400-5MD) using a glass syringe. 
 
2.2.1 Chemicals 
The compounds (por)Ru(NO)(O-i-C5H11) (por = H2T(p-OMe)PP = tetra(p-
methoxyphenyl)porphyrin, H2TTP = tetra(p-tolyl)porphyrin) were prepared as reported 
in literature for the preparation of the related (TPP)Ru(NO)(O-i-C5H11) compound.
22 
Chloroform-d (CDCl3, 99.96 atom %D) was purchased from Cambridge Isotope 
Laboratories, deaerated, and dried under 4 Å molecular sieves. The compounds 2,3,5,6-
tetrafluorophenol (C6HF4OH, 97%), trifluoroacetic acid (CF3C(=O)OH, 99%), 
trimethylacetic acid ((CH3)3CC(=O)OH, 99%), isobutyric acid ((CH3)2CHC(=O)OH, 
99%), p-nitrobenzoic acid (p-NO2-C6H4C(=O)OH, 98%), ferrocene (Fc, 98%), 
acetylferrocene (AcFc, 95%), ferrocenecarboxylic acid, FcC(=O)OH, 97%), 
tetrabutylammonium hexafluorophosphate (NBu4PF6, ≥99%) and anhydrous methanol 
(99.8%) were purchased from Sigma-Aldrich and used as received. Acetic acid 
(CH3C(=O)OH, 99.7%) was purchased from EMD Chemicals and used as received. 
Dichloromethane for electrochemical experiments was purchased from Sigma-Aldrich 
and distilled from CaH2 under N2 prior to use. 
 
2.2.2 Instrumentation/ Spectroscopy 
Infrared spectra were recorded on a Bio-Rad FT-155 and/or a Tensor 27 FTIR 
spectrometer. 1H NMR spectra were obtained on a Varian 300 MHz spectrometer at 20 




7.24 ppm). 19F NMR spectral signals were referenced to C6H5CF3 set to −63.72 ppm. 
Coupling constants are reported in Hz. ESI mass spectra were obtained on a Micromass 
Q-TOF mass spectrometer by Dr. Steven Foster. Elemental analyses were obtained by 
the staff of Atlantic Microlab, Norcross, GA.  
Cyclic voltammetric measurements were performed using a BAS CV 50W 
instrument (Bioanalytical Systems, West Lafayette, IN). In all the electrochemical 
experiments, a three-electrode cell was utilized and consisted of a 3.0-mm diameter Pt 
disk working electrode, a Pt wire counter electrode, and a Ag/AgCl reference electrode. 
Solutions were deaerated before use by passing a stream of N2 gas through the solution 
for a minimum of 10 min. A blanket of N2 was maintained over the solution while 
performing the experiments. The electrochemical experiments were performed in 
solutions containing 0.1 M NBu4PF6 and 1.0 mM of the analyte. Ferrocene, Fc (1.0 
mM) was used as internal standard for the electrochemical experiments and potentials 
were referenced to the Fc/Fc+ couple at 0.00 V. In cases where the Fc/Fc+ couple 
overlapped with the responses of the analyte, the sample was referenced to the 
AcFc/AcFc+ couple, which was in turn referenced to the Fc/Fc+ couple. A Bruker 
Vector 22 and/ or a Tensor 27 FTIR spectrometer equipped with a mid-IR fiber-optic 
dip probe and liquid nitrogen cooled MCT detector (RemSpec Corporation, Sturbridge, 
MA, USA) was used for the infrared spectroelectrochemistry. The electrochemical 
experiments were performed in triplicate to determine reproducibilities. X-ray 
diffraction data were collected by Dr. Douglas R. Powell using a diffractometer with a 






2.2.3.1 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)CH3) (1) 
To a stirred dichloromethane solution (10 mL) of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) (50.3 mg, 0.053 mmol) at room temperature was added excess glacial acetic acid 
(0.2 mL) and the resulting mixture heated to reflux. During this period the color of the 
solution changed from red to brown-green. After 1 hour of refluxing the solution was 
allowed to cool to room temperature and the volume slowly reduced in vacuo to ca. 3 
mL. Hexane (10 mL) was added and the solution slowly removed in vacuo to ca. 5mL  
to result in the precipitation of a solid. The supernatant was removed with a Pasteur 
pipette, and the residue washed twice with hexane. The resulting product was then dried 
in vacuo to give (T(p-OMe)PP)Ru(NO)(OC(=O)CH3) (35 mg, 72% isolated yield). 
Slow evaporation of a CH2Cl2/ cyclohexane (3:1 ratio; 5 mL) solution of the product at 
room temperature provided suitable crystals for X-ray diffraction studies. IR (CH2Cl2, 
cm-1): νNO = 1852 s, νCO = 1647 m, 1654 m (sh). IR (KBr, cm
-1): νNO = 1843 s, νCO = 
1665; also 1606 m, 1511 m, 1461 w, 1440 w, 1350 m, 1244 s, 1174 s, 1019 s, 1009 m, 
809 m, 798 m, 712 w, 610 w.  1H NMR (CDCl3, 300 MHz): δ 9.00 (s, 8H, pyrrole-H of 
T(p-OMe)PP), 8.15 (app d, J = 8.7 Hz, J = 7.8 Hz, 8H, o/ o'-H of T(p-OMe)PP), 7.29 
(app d, J  =7.5 Hz, J = 7.2 H, 8H, m/ m'-H of T(p-OMe)PP), 4.10 (s, 12H, OCH3), −1.47 
(s, 3H, CH3). ESI mass spectrum (TOF): m/z 946.3 [M + Na
+] (45%), m/z 864.3 [(T(p-
OMe)PP)Ru(NO)]+ (100%). Anal. Cald for C50H39N5O7Ru·0.5CH2Cl2: C, 62.83; H, 




2.2.3.2 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)CH(CH3)2) (2) 
To a stirred dichloromethane solution (10 mL) of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) (50.1 mg, 0.053 mmol) at room temperature was added excess isobutyric acid 
and the mixture was refluxed for 1 h. During this period the color of the solution 
changed from red to brown-green. The solution was then allowed to cool, and the 
volume reduced under vacuum to ~2 mL. Hexane (10 mL) was added and the product 
mixture was placed in a −20 ° C freezer overnight. The resulting precipitate was 
collected by filtration and dried under vacuum to give 39 mg (77% isolated yield) of the 
product. Slow evaporation of a CH2Cl2/cyclohexane (2:1 ratio; 5 mL) solution of the 
product at room temperature under nitrogen gave suitable crystals for X-ray diffraction 
studies. IR (CH2Cl2, cm
-1): νNO = 1850, νCO = 1637 w, 1642 w (sh). IR (KBr, cm
-1): νNO 
= 1837 s, νCO = 1654 m, 1663 m; also 1606 s, 1528 m, 1510 s, 1492 w, 1459 w, 1437 w, 
1348 m, 1287 m, 1243 s, 1174 s, 1107 w, 1068 w, 1018 s, 1009 s, 848 w, 807 m, 800 m, 
787 w, 715 w, 606 m, 539 m. 1H NMR (CDCl3, 300 MHz): δ 8.99 (s, 8H, pyrrole-H of 
T(p-OMe)PP), 8.21 (dd, J = 8.6 Hz, J = 2.4 Hz, 4H o-H of (T(p-OMe)PP), 8.08 (dd, J 
z= 8.1 Hz, J = 2.4 Hz, 4H of o'-H of (T(p-OMe)PP), 7.28 (app d, J = 10.2 Hz, J = 2.4 
Hz, 8H, m-H of (T(p-OMe)PP), 4.10 (s, 12H, OCH3), −0.93-(−0.90) (m, J = 6.3 Hz, 1H, 
CH), −1.72 (d, J = 6.3 Hz, 6H, CH3). ESI mass spectrum (TOF): m/z 974.3 [M + Na
+] 
(40%), m/z 864.3, [(T(p-OMe)PP)Ru(NO)]+ (100%). Anal. Cald for 





2.2.3.3 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)C(CH3)3) (3) 
To a stirred dichloromethane solution (10 mL) of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) (50.1 mg, 0.053 mmol) at room temperature was added excess trimethylacetic 
acid and the mixture refluxed for 1 h. During this period the color of the solution 
changed from red to brown-green. The solution was allowed to cool and the volume 
reduced under vacuum to ~2 mL. Hexane (10 mL) was added and the solution placed in 
a −20 ° C freezer overnight. The resulting precipitate was collected by filtration and 
dried under vacuum to give 38 mg of the product (75% isolated yield). IR (CH2Cl2, cm
-
1): νNO = 1849 s , νCO = 1640; IR (KBr, cm
-1): νNO = 1839 s, νCO = 1659 m, 1653 m; also 
1607 m, 1512 m, 1496 w, 1438 w, 1349 m, 1290 m, 1244 s, 1175 s, 1019 s, 1010 m, 
849 w, 808 m, 800 m, 788 w, 714 w, 608 w. 1H NMR (CDCl3, 300 MHz): δ 8.98 (s, 8H, 
pyrrole-H of T(p-OMe)PP), 8.20 (d, J = 7.2 Hz, 4H o-H of (T(p-OMe)PP), 8.06 (d, J = 
7.5 Hz (o'-H of (T(p-OMe)PP), 7.30 (app d, J = 8.7 Hz, 8H, m-H of (T(p-OMe)PP), 
4.09 (s, 12H, OCH3), −1.66 (s, CH3). ESI mass spectrum (TOF): m/z 988.4 [M + Na
+] 
(30%). m/z 864.3 [(T(p-OMe)PP)Ru(NO)]+ (100%).  
 
2.2.3.4 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)(C6H4-p-NO2) (4) 
To a dichloromethane (10 mL) solution of (T(p-OMe)PP)Ru(NO)(O-i-C5H11) 
(33.0 mg, 0.035 mmol) was added p-nitrobenzoic acid (10 mg, 0.059 mmol). The 
mixture was stirred overnight during which time the color of the solution changed from 
red to brown. The solution was reduced to ca. 5 mL, and hexane (15 mL) was added. 
The solution was then placed in a −20 °C freezer overnight. The resulting solid was 




OMe)PP)Ru(NO)(OC(=O)C6H4-p-NO2) (29 mg, 81% isolated yield). IR (CH2Cl2, cm
-
1): νNO = 1858 s, ν  = 1523 s, νCO = 1651w; IR (KBr, cm-1): νNO = 1849 s, ν  = 
1521 s, 1302 s, νCO = 1656 m; also 1606 s, 1511 s, 1495 m,1463 w, 1439 w, 1411 
m,1349 m, 1288 s, 1245 s, 1175s, 1107 w, 1073 w, 1019 s, 1013 m, 849 w, 811 m, 799 
m, 724 w, 714 w, 609 w. 1H NMR (CDCl3, 300 MHz): δ 9.04 (s, 8H, pyrrole-H of T(p-
OMe)PP), 8.20 (app d, J = 8.1 Hz, 4H, o-H of (T(p-OMe)PP), 8.01 (app d, J = 8.7 Hz, 
4H, o'-H of (T(p-OMe)PP), 7.27 (app d, J = 9.3 Hz, J = 7.2 Hz, 8H, m-H of (T(p-
OMe)PP), 7.03 (d, J = 8.4 Hz, 2H, o-H of (C6H4-p-NO2), 4.55 (d, J = 8.4 Hz, 2H, m- H 
of (C6H4-p-NO2), 4.10 (s, 12H, OCH3). Anal. Cald for C55H40N6O9Ru·CDCl3: C, 58.47; 
H, 3.68; N, 7.30. Found: C, 58.50; H, 3.71; N, 6.64. 
 
2.2.3.5 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)Fc) (5) 
This compound was initially synthesized and investigated by the Shaw group at 
SIUE. 
To a CH2Cl2 (10 mL) solution of (T(p-OMe)PP)Ru(NO)(O-i-C5H11) (31.0 mg, 
0.033 mmol) in a Schlenk tube was added excess ferrocenecarboxylic acid, FcC(=O)OH 
(30.0 mg, 0.13 mmol). The mixture refluxed overnight in the dark during which time 
the solution changed from red to brown-green. The solution was cooled to room 
temperature, and the solvent removed in vacuo. The resulting residue was washed with 
anhydrous diethyl ether (5 mL); for this residue, it was necessary to use a spatula to 
scrape off the solid stuck on the inner walls of the reaction vessel. The supernatant was 
removed, and the resulting solid washed thoroughly with diethyl ether until the 




(84 %) isolated yield of the product. IR (CH2Cl2, cm
-1): νNO = 1850 s, νCO = 1634 m. IR 
(KBr, cm-1): νNO = 1840 s; also νCO = 1647 m; also 1606 m, 1511 s, 1495 m, 1464 w, 
1454 w, 1374 w, 1350 m, 1288 s, 1245 s, 1174 s, 1106 w, 1072 w, 1020 s, 848 w, 811 
m, 798 m, 712 w, 608 w. 1H NMR (CDCl3): δ 9.02 (s, 8H, pyrrole-H of T(p-OMe)PP), 
8.92 ( br s, 2H, Cp-H to adjacent C(=O)), 8.17 (app d, J  = 9.9 Hz, J =10.5 Hz, 8H, o/ o'-
H of T(p-OMe)PP), 8.07 (br s, 2H, Cp-H adjacent to C(=O)), 7.28 (app d, J = 8.1 Hz, 
8H, m-H of (T(p-OMe)PP), 4.12 (br s, 5H, Cp-H), 4.10 (s, 12H, OCH3). Anal. Cald for 
C50H45N5O6FeRu·0.5CH2Cl2: C, 62.92; H, 4.08; N, 6.17. Found: C, 62.36; H, 4.24; N, 
5.98. 
2.2.3.6 Preparation of (TTP)Ru(NO)(OC(=O)Fc) (6) 
To a dichloromethane (15 mL) solution of (TTP)Ru(NO)(O-i-C5H11) (100 mg, 
0.10 mmol) in a Schlenk tube was added excess ferrocenecarboxylic acid, FcC(=O)OH 
(50.1 mg, 0.21 mmol). The mixture was refluxed for 24 hr during which time the 
solution changed from red to red-brown. The solution was cooled to room temperature, 
and the solvent slowly removed in vacuo. The resulting residue was washed with 
anhydrous diethyl ether (10 mL); for this residue, it was necessary to use a spatula to 
scrape off the solid stuck on the inner walls of the reaction vessel. The supernatant was 
removed and the resulting residue washed with twice with anhydrous diethyl ether. The 
resulting solid was dried in vacuo to give 83 mg (77 % isolated yield) of the product. IR 
(CH2Cl2, cm
-1): νNO = 1851 s, νCO = 1634 m. IR (KBr, cm
-1): νNO = 1839 s; also νCO = 
1646 m; also 1529 w, 1490 w, 1450 w, 1351 m, 1288 s, 1213 w, 1180 m, 1168 m, 1108 
w, 1073 w, 1018 s, 798 s, 716 w, 523 m, 512 m.  1H NMR (CDCl3): δ 9.02 (s, 8H, 




d, J = 8.1 Hz, J = 1.8 Hz, 8H, m-H of (TTP), 3.01 (s, 2H, Cp-H adjacent to C(=O)), 2.70 
(s, 12H, CH3), 2.38 (s, 5H, Cp-H), 1.70 (s, 2H, Cp-H adjacent to C(=O)). Anal. Cald for 
C59H45N5O3FeRu·0.3CH2Cl2: C, 67.55; H, 4.36; N, 6.64. Found: C, 67.38; H, 4.66; N, 
6.22. 
 
2.2.3.7 Preparation of (T(p-OMe)PP)Ru(NO)(OC6HF4) (7) 
To a stirred dichloromethane (10 mL) solution of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) (50 mg, 0.053 mmol) at room temperature was added excess 2,3,5,6-
tetrafluorophenol (45.7 mg, 0.284 mmol). The color of the solution changed from red to 
green on stirring for 30 min. After 4 h of stirring, the volume of the solvent was reduced 
in vacuo to 2 mL, then 10 mL of hexane was added to aid precipitation of a solid. The 
supernatant was discarded, and the resulting solid washed with methanol (3 x 15 mL) 
and the supernatant discarded each time. The solid was dried overnight in vacuo. 
Further purification of the solid was accomplished as follows: The solid was dissolved 
in a minimum amount of CH2Cl2 and applied on a neutral alumina (in hexane) column. 
The column was first eluted with hexane to remove trace unreacted species and 
byproducts. A green band was then eluted with CH2Cl2; this green band was collected 
and dried in vacuo to afford 43.6 mg (80% isolated yield) of the product. IR (CH2Cl2, 
cm-1): νNO = 1850 s. IR (KBr, cm
-1): νNO = 1844 s; also 1735 w, 1685 w, 1654 m, 1636 
m, 1606 m, 1559 m, 1540 w, 1507 s, 1501 s, 1472 s, 1458 m, 1438 w, 1349 m, 1305 w, 
1288 m, 1245 s, 1176 s, 1093 s, 1019 s, 1010 m, 932 m, 848 w, 901 s, 718 m, 607 w. 
19F NMR (282 MHz, CDCl3, 20 °C): δ −146.7 (m, 2F) and δ −162.2 (m, 2F). 
1H NMR 




Hz, 4H, o-H of (T(p-OMe)PP), 8.08 (d, JH-H = 7.5 Hz, 4H, o'-H of (T(p-OMe)PP), 7.30 
(app t (overlapping d's), 8H, m/ m'-H of (T(p-OMe)PP)), 5.29 (m, 1H, H-C6F4), 4.10 (s, 
12H, OCH3). ESI mass spectrum (TOF): m/z = 1052.3 [M + Na
+] (10%), m/z = 864.3 
[(T(p-OMe)PP)Ru(NO)]+ (100%). Anal. Calc. (C54H37N5O6F4Ru·CH3OH): C, 62.26; H, 
3.89; N, 6.60 %. Found: C, 62.29; H, 3.61, N 6.74%. 
 
2.2.3.8 Preparation of (T(p-OMe)PP)Ru(NO)(OC(=O)CF3) (8) 
 A stirred dichloromethane (10 mL) solution of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) (50 mg, 0.053 mmol) was treated with excess trifluoroacetic acid (~0.2 mL, ~3 
mmol). After stirring for 1 h, the color of the solution changed from red to green. The 
volume of the solution was reduced to 2 mL in vacuo, and 10 mL hexane was added to 
aid precipitation of a solid. The supernatant was discarded and the resulting solid was 
washed with methanol (3 x 15 mL) and the supernatant discarded each time. The crude 
solid was dried overnight in vacuo. Further purification of the crude solid was 
accomplished by dissolving it in a minimum amount of CH2Cl2 and applying it on a 
neutral alumina (in hexane) column. The column was first eluted with hexane to remove 
trace unreacted species and byproducts, and then CH2Cl2 was then used to elute a green 
band which was collected and dried overnight under vacuum to 44.0 mg (85% isolated 
yield) of the product. IR (CH2Cl2, cm
-1): νNO = 1866 s; νCO = 1717 m. IR (KBr, cm
-1): 
νNO = 1861 s, νCO = 1719 m; also 1606 s, 1512 s, 1493 w, 1463 w, 1348 m, 1245 s, 1175 
s, 1020 s, 1009 m, 810 m, 800 m, 713 w.). IR (CH2Cl2, cm
-1): νNO = 1866 s; νCO = 1717 
m. IR (KBr, cm-1): νNO = 1861 s, νCO = 1719 m; also 1606 s, 1512 s, 1493 w, 1463 w, 




CDCl3, 20 °C): δ −78.1 (s, 3F, CF3). 
1H NMR (300 MHz, CDCl3, 25°C): δ 9.04 (s, 8H, 
pyrrole-H of T(p-OMe)PP), 8.20 (d, J = 7.8 Hz , 4H, o-H of (T(p-OMe)PP), 8.10 (d, J = 
8.1 Hz, 4H, o'-H of (T(p-OMe)PP),  7.30 (app d, J = 9.0 Hz, J = 8.7 Hz, 8H, m/ m'-H of 
(T(p-OMe)PP), 4.10 (s, 12H, OCH3). ESI mass spectrum (TOF): m/z = 1000.1 [M + 
Na+] (5%), m/z = 864.1 [(T(p-OMe)PP)Ru(NO)]+ (100%). Anal. Calc. 
(C50H36N5O7F3Ru·CH2Cl2): C, 57.69; H, 3.61; N, 6.60 %. Found: C, 57.62; H, 3.34; N, 
6.60%. 
 
2.3 Results and Discussion 
2.3.1 Synthesis 
The precursor compounds (por)Ru(NO)(O-i-C5H11) (por = T(p-OMe)PP), TTP) 
used for the preparation of the derivatives in this study have been reported 
previously.22,25-27 The nitrosyl aryloxide ruthenium porphyrin complex (T(p-
OMe)PP)Ru(NO)(OC6HF4) (7) was prepared by treating a CH2Cl2 solution of the 
precursor (T(p-OMe)PP)Ru(NO)(O-i-C5H11) compound with C6HF4OH (Eq. 2.1). 
Similarly, the compounds (T(p-OMe)PP)Ru(NO)(OC(=O)R) (R = CF3 (8), CH3 (1), 
CH(CH3)2 (2), C(CH3)3 (3), p-NO2-C6H4 (4) and (por)Ru(NO)(OC(=O)Fc) (por = (T(p-
OMe)PP) (5) and TTP (6)) were prepared by treating dichloromethane solutions of the 
precursor (por)Ru(NO)(O-i-C5H11) compounds with their corresponding carboxylic 






The reactions proceed by a replacement of isoamyl alkoxide by the 
corresponding aryloxide or carboxylate as shown in Eq. 2.1, 2.2 and 2.3. Isolated yields 
ranging from 53% to 85% were obtained for the products. IR monitoring of the 
reactions (vide infra) revealed that the aliphatic carboxylic acids reacted with the 
precursor (por)Ru(NO)(O-i-C5H11) compound in less than an hour, whereas the 
aromatic carboxylic acids required longer reaction times to produce the desired 
derivatives. In particular, reactions of (T(p-OMe)PP)Ru(NO)(O-i-C5H11) with 
FcC(=O)OH were slower and required at least 12 h to go to completion. We attribute 
the slow formation of the ruthenium ferrocenecarboxylate nitrosyl complexes (5 and 6) 
to the weak acidity of ferrocenecarboxylic acid.28-30 The products are moderately stable 
as solids in air at room temperature showing no signs of decomposition over several 
weeks as judged by IR and 1H NMR spectroscopy.  
 
2.3.2 Mass Spectrometry 
The mass spectra (TOF) of all the compounds did not show the parent ions. For 




OMe)PP)Ru(NO)]+ (m/z 864.3) was observed, due to loss of the C6HF4O
−. The [M + 
Na]+ peaks for the compounds were observed (see experimental). 
 
2.3.3 Infrared Spectroscopy and Monitoring Reactions 
The compounds were characterized by IR spectroscopy, and Table 2.1 lists the 
IR nitrosyl frequencies for the complexes and selected six-coordinate ruthenium 
porphyrin complexes containing the alkoxide and nitrosyl linkages. Clearly, all the O-
bound Ru nitrosyl porphyrin complexes listed, including compounds used in this study 
have νNO stretching frequencies consistent with linear metal-nitrosyl linkages.
31 
The IR spectrum of the alkoxide complex 7 in CH2Cl2 shows a strong band at 
1850 cm-1 assigned to νNO (KBr pellet, 1844 cm
-1) and the observed νNO band is in the 
range of those of other six-coordinate (por)Ru(NO)(OR) complexes (Table 2.1).31 The 
IR spectrum of compound 1 in CH2Cl2 shows a strong band at 1852 cm
-1 assigned to 
νNO and a νCO band at 1647 cm
-1 (1654 sh). As a KBr pellet, compound 1 displays these 
bands at 1843 cm-1 and 1665 cm-1. Similarly, IR spectrum of 8 in CH2Cl2 reveals a 
strong band at 1866 cm-1 and a medium intensity band at 1717 cm-1 assigned to the νNO 










Table 2.1 Infrared nitrosyl and carbonyl stretching frequencies of some O-bound 
ruthenium nitrosyl complexes. 







(T(p-OMe)PP)Ru(NO)(OC6HF4) (7) 1844 (1850)  
32 
(OEP)Ru(NO)(OPh) (1821)  33
(OEP)Ru(NO)(O-2,6-(NHC(=O)CF3)C6H3) 1845 (1842) 1722 (1727) 
33 
(OEP)Ru(NO)(O-o-(NHC(=O)CF3)C6H4) 1835 (1830) 1718 (1731) 
33 




1848 1718 33 
(TPP)Ru(NO)(O-o-(NHC(=O)CF3)C6H4) 1845 1718 
33 
(T(p-OMe)PP)Ru(NO)(O-i-C5H11) 1801 (1808)  
a
(TPP)Ru(NO)(O-i-C5H11) 1800 (1809)  
34 
(TTP)Ru(NO)(O-i-C5H11) 1809  
22 
(OEP)Ru(NO)(O-i-C5H11) 1788 (1800)  
34 
(OEP)Ru(NO)(OCH3) 1780  
35 
(TTP)Ru(NO)(OCH3) 1800  
36 
(OEP)Ru(NO)(OEt) 1791  37 
(T(p-OMe)PP)Ru(NO)(OC(=O)CF3) (8) 1861 (1866) 1719 (1717) 
32 
















1849 (1858) 1656 (1651) a
(T(p-OMe)PP)Ru(NO)(OC(=O)Fc) (5) 1840 (1850) 1647 (1634) a
(TTP)Ru(NO)(OC(=O)Fc) (6) 1839 (1851) 1646 (1634) a





As a KBr pellet, 8 displays these bands at 1861 cm-1 and 1719 cm-1 in the 
corresponding IR spectrum. The higher νNO and νCO bands in 8 are consistent with the 
axial CF3C(=O)O ligand being a relatively poor σ-donor compared with the less 
electronwithdrawing CH3C(=O)O ligand. It is widely accepted that poor σ-donors and 
electron withdrawing groups contribute to decrease in electron density in the dπ orbital 
of metals and as a result reduce the extent of π-backbond donation into the empty π* 
orbital of the trans NO ligand.35 This is the case for all the six-coordinate ruthenium 
porphyrin compounds studied in this work. 
The compounds 2 and 3 displayed νNO bands (in CH2Cl2) at 1850 cm
-1 and 1849 
cm-1, respectively. Their respective νCO bands (in CH2Cl2) were observed at 1637 (1642 
sh) cm-1 and 1640 cm-1. As KBr pellet, compound 2 displayed a strong νNO band at 1837 
cm-1 and a medium intensity νCO band at 1663 (1654 sh) cm
-1. KBr samples of 
compound 3 displayed a νNO band 1839 cm
-1 and a νCO band 1659 (1654 sh) cm
-1. 
It is clear from the νNO of compounds 1, 2 and 3 that substitution of a H with 
CH3 in the carboxylate groups does not have a significant effect on the trans influence 
of the RC(=O)O group on NO although we observed a cis-effect38 based on the 
chemical shift of the pyrrole-H of the porphyrin macrocycle. For example, pyrrole-H 
signals were observed at 9.00, 8.99 and 8.98 ppm for 1, 2 and 3, respectively (Table 2.2, 
vide infra). We also note that these νNO wavenumbers are higher than that determined 
for the starting (T(p-OMe)PP)Ru(NO)(O-i-C5H11) compound (1801 cm
-1 in CH2Cl2). 
The IR (in CH2Cl2) spectrum of 4 displayed a strong νNO band at 1858 cm
-1 and 
a medium intensity band at 1651 cm-1 assigned to νCO. The IR spectrum, as KBr pellet, 
shows a strong band at 1849 cm-1 assigned to νNO and is 12 cm




Table 2.2. 1H NMR data due to porphyrin macrocycle of compounds 1-8.  
Compound Pyr-H o-H m-H p-OCH3 
1 9.00 8.15 7.29 4.10 
2  8.99 8.21, 8.08 7.28 4.10 
3 8.98 8.20, 8.06 7.30 4.09 
4 9.04 8.20, 8.01 7.27 4.10 
5 9.02 8.17, 8.07 7.28 4.10 
6 9.02 8.15 7.55  
7 9.01 8.17, 8.08 7.30 4.10 
8 9.04 8.20, 8.10 7.30 4.10 
 
The νCO band was also observed in the IR spectrum at 1656 cm
-1 and is 29 cm-1 lower 
than the reported νCO for p-nitrobenzoic acid.
39 In addition, bands at 1521 cm-1 and 1302 
cm-1 were observed in the IR spectrum of (T(p-OMe)PP)Ru(NO)(OC(=O)C6H4-p-NO2) 
and were assigned to the symmetric and asymmetric stretching frequencies (ν ), 
respectively or the nitro groups.  
As already mentioned, the reaction involving (por)Ru(NO)(O-i-C5H11) and 
FcC(=O)OH to form (por)Ru(NO)(OC(=O)Fc) (5 and 6) required longer time time, 
typically >24 hours, in refluxing dichloromethane. We were able to characterize by 
infrared spectroscopy, an intermediate that suggests that the reaction may proceed by 
protonation of the Ru−(O-i-C5H11) group by the ferrocenecarboxylic proton and it is 
likely that the dissociation of the ferrocenecarboxylic acid proton (or protonation of the 
isoamyl alkoxide) is the first step of this reaction based on the IR spectrum (see below). 
Note that the pKas of FcC(=O)OH have been determined in different media; (pKa = 6.09 
in 50% EtOH),28 (pKa = 7.76 in 80% MeCN),
29 pKa = 4.20 in H2O).
30 We expect the 
attack of the ferrocenecarboxylate anion on the Ru center to be the second step which 






Scheme 2.1. Proposed formation of the [(T(p-OMe)PP)Ru(NO)(O-i-
C5H11)(HOC(=O)Fc)] intermediate during the reaction of (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) with FcC(=O)OH.  
 
Indeed, IR monitoring of the reaction involving (T(p-OMe)PP)Ru(NO)(O-i-
C5H11) and FcC(=O)OH suggests the complex [(T(p-OMe)PP)Ru(NO)(O-i-
C5H11)(HOC(=O)Fc)] as the intermediate (Scheme 2.1). 
As shown in Fig. 2.1 the IR spectrum of a mixture of the precursor (T(p-
OMePP)Ru(NO)(O-i-C5H11) and FcC(=O)Fc) in CH2Cl2 obtained after 5 minutes of 
stirring at room temperature shows a new νNO band at 1825 cm
-1 (labelled *) which is 
27 cm-1 higher than that of the starting (T(p-OMe)PP)Ru(NO)(O-i-C5H11) compound. 
We assign the 1825 cm-1 band to the νNO of the intermediate adduct [(T(p-
OMe)PP)Ru(NO)(O-i-C5H11)(HOC(=O)Fc)]. Similarly, we observed a νNO band at 
1830 cm-1 in the [(T(p-OMe)PP)Ru(NO)(O-i-C5H11)(HOC(=O)CH(CH3)2)] reaction 






Figure 2.1. IR monitoring (in CH2Cl2) of the reaction involving (T(p-
OMe)PP)Ru(NO)(O-i-C5H11) (νNO = 1808 cm
-1 labelled o in spectrum a) with 
ferrocenecarboxylic acid, FcC(=O)OH to give (T(p-OMe)PP)Ru(NO)(OC(=O)Fc) (νNO 
=1850 cm-1, νCO = 1634 cm
-1 labelled ∆ in spectrum d; after 12 h, and workup). 
Spectrum a: before addition of FcC(=O)OH. Spectrum b: after addition of 
FcC(=O)OH and stirring for 5 minutes showing the intermediacy of [(T(p-
OMe)PP)Ru(NO)(O-i-C5H11)(HOC(=O)Fc)] (labelled *; νNO =1825 cm
-1, νCO = 1677 
cm-1), starting (T(p-OMe)PP)Ru(NO)(O-i-C5H11) and starting FcC(=O)OH; spectrum 
c: After 1 h of reaction showing mixture of product, intermediate, and reactants. 
 
In the related (OEP)Os(NO)(OEt) complex, the starting νNO band at 1759 cm
-1 
(CH2Cl2) shifted by 69 cm
-1 to 1828 cm-1 (CH2Cl2) when it was protonated to the 




backbonding in the cationic product.40 We propose that the Ru−NO backbonding will 
similarly diminish in the [(T(p-OMe)PP)Ru(NO)(HO-i-C5H11)(OC(=O)Fc)] such that 
the νNO occurs at a higher wavenumber than (T(p-OMe)PP)Ru(NO)(O-i-C5H11). In a 
control experiment, we prepared the complex [(T(p-OMe)PP)Ru(NO)(HO-i-C5H11)]BF4 
by treating the precursor [(T(p-OMe)PP)Ru(NO)(O-i-C5H11)] compound with HBF4 and 
observed a new band at 1880 cm-1 (ΔνNO = 72 cm
-1) assigned to νNO. This large shift 
may be attributed to a complete proton transfer from HBF4 to (T(p-
OMe)PP)Ru(NO)(O-i-C5H11) in contrast to a partial protonation in the case of the 
carboxylate intermediates. 
The compound 6 displays similar IR spectral features as compound 5 (Table 
2.1). The νNO (KBr) values of the carboxylate complexes parallel their respective pKas 
(obtained from ref. 41) of the conjugate acids of the carboxylate ligand, with 8 (pKa = 
0.5) displaying the highest νNO. Thus, in order of decreasing νNO values, the compounds 
may be arranged as: 8 (pKa = 0.5) > 4 (pKa = 3.441) > 5 ≈ 6 (pKa = 4.2)
30 > 1 (pKa = 
4.756) ≈ 2 (pKa = 4.853) ≈ 3 (pKa = 5.031). 
To the best of our knowledge, the νNO band of 1861 cm
-1 obtained for the 
compound 832 is the highest νNO reported for a neutral six coordinate ruthenium nitrosyl 
porphyrin complex. This high νNO band is attributed to the stronger electron 
withdrawing effect of the trifluoroacetate group than the other ligands. In addition, the 
νCO band in 8 is downshifted to 1719 cm
-1 from the νNO = 1783 cm
-1 of the starting 





2.3.4 1H NMR and 19F NMR Spectroscopy 
1H NMR and 19F NMR spectroscopy were used to characterize the compounds 
and to help ascertain their purity. The 1H NMR spectrum of 7 in CDCl3 showed the 
expected peaks due to the porphyrin macrocycle (Table 2.2), and a multiplet at 5.29 
ppm assigned to C6HF4O. In comparison, a multiplet at 6.00 ppm was observed in the 
1H NMR spectrum of (OEP)Ru(NO)(SC6HF4) in CDCl3.
42 The 19F NMR spectrum of 8 
in CDCl3 shows two multiplets at −146.7 ppm and −162.2 ppm; the corresponding two 
multiplets for C6HF4OH are at −140.7 ppm and −163.6 ppm. The 
19F NMR spectrum of 
8 thus suggests that the ligand is bound to the metal in solution. The 1H NMR spectrum 
of 7 in CDCl3 displayed peaks due solely to the porphyrin macrocycle (Table 2.2), and 
the 19F NMR spectrum displayed a single peak at −78.1 ppm due to the axial 
CF3C(=O)O ligand. 
The 1H NMR spectrum of compound 1 in CDCl3, displayed the expected peaks 
due to porphyrin macrocycle (Table 2.2) as well as a single peak at a shielded region of 
−1.47 ppm assigned to the bound CH3C(=O)O ligand. Similarly, 2 and 3 showed the 
expected peaks due to the porphyrin macrocycles in their 1H NMR spectra (Table 2.2), 
and the additional signals resulting from the various carboxylate ligands. The 1H NMR 
spectrum of compound 2 showed a doublet at −1.72 ppm assigned to (CH3)2CHC(=O)O 
which is higher upfield compared to the CH3 signal in 1. This is expected considering 
the methyl group in 2 is one bond further from the carbonyl functional group. In 
addition, a multiplet centered at −0.92 ppm was observed and assigned to 
(CH3)2CHC(=O)O. Not surprisingly, compound 3 showed a singlet at −1.66 ppm and 




Compound 4 showed the peaks due to the porphyrin macrocycle (Table 2.2) and 
two doublets at 4.55 ppm and 7.03 ppm in the 1H NMR spectrum which were assigned 
to the H of p-NO2-C6H4C(=O)O adjacent to NO2 (m-H) and the H at the ortho-position 
(o-H), respectively. The doublet at 4.55 ppm is particularly quite surprising since the 1H 
NMR of the starting carboxylic acid (p-NO2-C6H4C(=O)OH) shows only one signal; a 
multiplet at 8.50 ppm (assigned to the aromatic Hs) and a single broad peak observed at 
6.60 ppm (assigned to carboxylic H). The upfield shift of the two aromatic protons in 4 
is an indication of ligand binding to the Ru and the phenyl ring of p-NO2-C6H4C(=O)O 
aligning in the direction of the magnetic field with one set of protons (at 4.55 ppm) 
more shielded than the other (at 7.03 ppm).  
The 1H NMR spectrum of compound 5 displayed peaks due to the porphyrin 
macrocycle and three additional peaks at 8.92 ppm and 8.07 ppm assigned to the 
cyclopentadienyl-H adjacent to the carboxyl group (i.e Cp'-H), and a peak at 4.12 ppm 
assigned to the unsubstituted cyclopentadienyl-H group (i.e Cp-H) of the FcC(=O)O 
ligand (Fig. 2.2). 
Clearly, there is a large shift of the proton signals of the two Cp'-H protons of  5 
to the deshielded region. A comparison of this spectrum with the 1H NMR spectrum of 
the neutral FcC(=O)OH in CDCl3 showed that this shift (Δδ) is +4 ppm for the more 
downfield Cp'-H signal and +3.6 ppm for upfield Cp'-H signal. These large downfield 




FcC(=O)O ligand in solution in the direction of the applied magnetic field. 
 
Figure 2.2. The 1H NMR spectra of (T(p-OMe)PP)Ru(NO)(OC(=O)Fc) (5). (a) and (b) 
are  expanded spectra showing the peaks due to the hydrogens on the substituted  
cyclopentadienyl ring (Cp'-H) and the unsubstituted cyclopentadienyl ring (Cp-H), 
respectively of the FcC(=O)O ligand (c) Full spectrum from 3-10 ppm.   
 
Furthermore, similar unexpected proton chemical shifts have been observed in some 
cyclophanes43 and some porphyrin compounds. For example, in the porphyrin dimer, 
bis-(octaethylporphyrinyl)ethylene, the ethylene proton signals were observed at 9.69  
and 7.66 ppm for the cis and trans isomers, respectively. The downward shift of the 




orientation of the porphyrin macrocycle in the cis isomer such that the ethylene protons 
are located in the same plane of ring current of the porphyrin macrocycle.44 A similar 
effect has been observed in the nickel complex of the bis-
(octaethylporphyrinyl)ethylene compound.45,46 Interestingly, the Cp-H signal of the 
FcC(=O)O ligand in 5 displays a peak at 4.12 ppm which is a downfield shift (Δδ = + 
0.2 ppm) from the Cp-H signal of the neutral FcC(=O)OH compound implying a 
reduced ring current effect imposed by the porphyrin macrocyle on the unsubstituted Cp 
in compound 5. 
The 1H NMR spectrum of 6 similarly showed peaks due to the porphyrin 
macrocycle (Table 2.2). However, quite unexpectedly, the signals due to the Cp-H and 
Cp'-H in 6 were observed at higher upfield regions than those of the free FcC(=O)OH 
ligand. That is, the Cp'-H adjacent C(=O) signals were observed at upfield regions of 
2.70 ppm and 1.70 ppm; and the unsubstituted Cp-H signal was observed at 2.38 ppm. 
Similar upfield shifts of the Cp-H have been observed in the 1HNMR spectrum of the 
complexes (por)Sn(OC(=O)Fc)2 (por = OEP
47, TPP48).  
We would like to note that the cis-effect based on the chemical shifts of the 
pyrrole-H is evident in these complexes. As shown in Table 2.2, the chemical shifts of 
the pyrrole-H parallel the σ-donating ability of the axial O-bound ligand. For example, 
in 1 the pyr-H signal was observed at 9.00 ppm. In the related complex 8, the pyr-H 
signal was observed at a higher chemical shift of 9.04 ppm which parallels the 
electrondonating abilities of CH3C(=O)O and CF3C(=O)O, the former being the better 
electrondonating group. Similarly, compounds 4 and 7 displayed pyr-H signals at 9.04 




substitution of the axial ligand and increases by 0.04 ppm when hydrogen atoms are 
substituted for fluorine atoms (cf. 1 and 8).  
 
2.3.5 X-ray Crystallography 
The crystal structures of compounds 1, 2, 8, 5, 6, and 7 were obtained by X-ray 
crystallography. Selected bond lengths (Å) and bond angles (°) for the molecular 
structures and selected six-coordinate (por)Ru(NO)(O-ligand) are listed in Table 2.3.  
 
Table 2.3. Selected bond lengths (Å), Ru displacement (in Å x 100) and bond angles (°) 
in 1, 2, 5, 6, 7 and 8. 
Compound Ru−N(O) Ru−O(axial) ∠Ru−N−O ∠Ru−O−C(axial) ΔN4Ru 
1 1.850(12) 1.909(10) 169.6(14) 132.7(10) 4 
2 1.874(15) 1.805(11) 174.1(12) 127.3(13) 0 
5 1.753(2) 1.9959(19) 179.7(3) 131.79(19) 10 
6 1.738(6) 1.971(5) 169.5(7) 135.0(5) 10 
7a 1.739(3) 2.000(3) 173.1(3) 127.5(2) 0 
8a 1.986(11) 1.773(11) 178.3(9) 134.0(9) 11 
a Ref. 32 ΔN4Ru: Displacement of Ru from the porphyrin 4N mean plane. 
 
The solid-state structures of these formally {RuNO}6 derivatives49 listed in 
Table 2.3 reveal a near linear Ru−N−O linkages with bond angles ranging between 169 
and 180° (Fig. 2.3a, 2.4a, 2.5, 2.6, 2.7 and 2.9). For example, X-ray crystal structure of 













Figure 2.3. (a) Molecular structure of compound 1. Hydrogen atoms and disordered 
molecules have been omitted for clarity. (b) Perpendicular atom displacements (in Å × 












Figure 2.4. (a) Molecular structure of 2. Hydrogen atoms and disordered molecules 
have been omitted for clarity. (b) Perpendicular atom displacements (in Å × 100) of the 












Figure 2.5. (a) Molecular structure of compound 8. Hydrogen atoms have been omitted 
for clarity. (b) Perpendicular atom displacements (in Å × 100) of the porphyrin core 



















Figure 2.8. Top: Side view; Middle: Top view from NO side; Bottom: Perpendicular 
atom displacements (in Å × 100) of the porphyrin core from the 4N mean planes. (T(p-
OMe)PP)Ru(NO)(OC(=O)Fc) (5) (Left) and (TTP)Ru(NO)(OC(=O)Fc) (6) (Right). The 











Figure 2.9. (a) Molecular structure of compound 7. Hydrogen atoms have been omitted 
for clarity. (b) Perpendicular atom displacements (in Å × 100) of the porphyrin core 
from the 4-N mean planes of the porphyrin macrocycle. 
 
Other structural features of the compounds are worthy of note. First, the axial 
carboxylate ligands are bonded to Ru via via one of its oxygens in a η1-O fashion. 
Second, Ru−O bond lengths in the aliphatic carboxylate complexes 1 (1.909 (10) Å) 




ferrocenecarboxylate coordinated complexes, 5 (1.9959(19) Å) and 6 (1.971(5) Å. 
These Ru−O bond lengths are relatively shorter than that 7 (2.000(3)); and relatively 
longer than that of 8 (1.773(11) Å) due to the more electron-donating ability of the 
aryloxide ligand than the carboxylate ligands for backdonation into the RuNO moiety. 
Conversely, the Ru−N(O) bond lengths in compounds 1 (1.850(12) Å) and 2 (1.874(15) 
Å) are longer than those of  7 (1.739(3) Å) 32 and (T(p-OMe)PP)Ru(NO)Cl (1.790(17) 
Å)27 due to the same reasons discussed above. We note that the Ru−O bond lengths in 5 
and 6 are shorter than those of the related bis-η1-O2CFc tin(IV) porphyrin complexes 
(TPP)Sn(OC(=O)Fc)2 (2.0730(16) Å)
48 and (OEP)Sn(OC(=O)Fc)2
47 (2.0731(16) Å). 
Crystal structures of some η2-OC(=O)Fc coordinated Ru non-porphyrin 












52 have Ru−O bond lengths >2 Å. The rather short axial Ru−O 
bond length of 1.9959(19) and 1.971(5) Å in 5 and 6, respectively as compared to the 
(por)Sn(OC(=O)Fc)2 complexes (> 2 Å) may be due to the inverse trans influence of 
NO (compared to FcC(=O)O) at the axial position bearing in mind that they contain 
different metals in different oxidation states. 
We note that the Ru atom in compounds 2 (Fig. 2.4b) and 8 (Fig. 2.5b) lie in the 
plane of the porphyrin 4N atom plane. However, in compounds 1 (Fig. 2.3b) and 7 (Fig. 




0.11 Å, respectively. Furthermore, the porphyrin macrocycles of compounds 1, 2, 7 and 
8 are each distorted from the porphyrin 4N plane. 
The X-ray crystal structures of 5 and 6 show non-planar porphyrin macrocycles 
(bottom of Fig. 2.8) with the Ru atom displaced towards NO by 0.10 Å from the mean 
porphyrin 4N plane in 5 and 6. A comparison of the solid state molecular geometry of 5 
and 6 show that the ferrocenyl moiety is more tilted towards the porphyrin plane in 5 
than it is in 6 (Fig. 2.8 Top). In particular, the substituted cyclopentadienyl ring, Cp' is 
slightly tilted away from the center of the porphyrin ring in 5, and the Cp' plane almost 
bisects the porphyrin ring in 6 (Fig. 2.8, Middle). The Cp plane in compound 5 is at an 
angle ~90° with the porphyrin plane at C15 and C16 and is close to the meso-carbon. 
Although this difference in structure of 5 and 6 appear insignificant in the solid state 
structure, however, in solution, it is possible that the FcC(=O)O ligand in these groups 
may be oriented in different positions relative to the porphyrin plane such that the Cp-H 
experience different porphyrin ring effect and thus, different 1HNMR chemical shifts. 
 
2.3.6 Electrochemistry 
2.3.6.1 Cyclic Voltammetry (CV) 
The redox behavior of compounds 1-8 were investigated by cyclic voltammetry 
experiments. Fig. 2.10 shows the cyclic voltammogram of 7 in CH2Cl2 with 0.1 M 
NBu4PF6 as support electrolyte at a scan rate of 200 mV/s. Fig. 2.10 reveals that 7 
undergoes a reversible one-electron oxidation at E°' = +0.59 V vs. the Fc/Fc+ couple to 




by 20 mV than that determined for the related (T(p-OMe)PP)Ru(NO)Cl (+0.57 V) 
under similar experimental conditions.27 
 
 
Figure 2.10 Cyclic voltammogram of 7 showing two oxidations and one reduction. 
Conditions: 1 mM analyte, 200 mV/s scan rate, 0.1 M NBu4PF6 support electrolyte, 
room temperature. 
 
Further, compound 7 undergoes a second one-electron oxidation at E°' = +1.04 
V vs. the (Fc/Fc+) couple and this potential is 30 mV larger than that determined for the 
second oxidation of the compound (T(p-OMe)PP)Ru(NO)Cl27 and this difference in the 
second oxidation potentials is attributed to the difference in electrondonating abilities of 
the axial ligands. The ligand C6HF4O in compound 7 is overall more electron-donating 
than Cl in (T(p-OMe)PP)Ru(NO)Cl. One implication of the difference in the second 
oxidation potential is that the axial ligands in these systems are still bound to the 
ruthenium center after second oxidation which rules out the possibility of axial ligand 
dissociation. 
Similarly, compound 8 undergoes a reversible one-electron first oxidation at E°' 
= +0.62 V vs. Fc/Fc+ (Fig. 2.11, Bottom). Compound 8 undergoes a second oxidation at 




−1.66 V (Fig. 2.11) which exhibits poor chemical reversibility; a corresponding weak 
return peak was observed at Epa = −1.17 V.  
 
 
Figure 2.11. Cyclic voltammogram of compounds 1-3 and 8 (1 mM) in CH2Cl2 
containing 0.1 M NBu4PF6 support electrolyte and at a scan rate of 200 mV/s at room 
temperature.  
 
We note that the cyclic voltammograms of compounds 1, 2, and 3 (Fig. 2.11) 
obtained in CH2Cl2 with 0.1 M NBu4PF6 as support electrolyte at a scan rate of 200 




Thus, the aliphatic carboxylate complexes have reversible first oxidations at E°' = 
+0.55, +0.54 and +0.53 V for compounds 1, 2 and 3, respectively. Their respective 
second oxidations were observed at Epa = 1.10, 1.07 and 1.05 V. Note that a small return 
peak (labelled *) was observed at ca. 0.72 V after second oxidation which we 
tentatively associate with the return peak of the product generated following 
dissociation of a fraction of the axial carboxylate ligand. 
The three other aliphatic carboxylate complexes 1, 2 and 3 each displayed poor 
chemically reversible reduction peaks at Epc ~ −1.5 to −1.7 V and Epa ~ −1.2 (Table 2. 
4). Among the aliphatic carboxylate complexes, in general, the redox potentials parallel 
the pKas of their corresponding RC(=O)OH precursors. Compound 8 (pKa of 
CF3C(=O)OH = 0.5)
41 is overall less electron rich than the other aliphatic complexes 1, 
2 and 3 (pKas ~ 4.8 in water)
53 and thus, has a more positive oxidation potential and a 
less negative reduction potential. However, it was observed that substitution of the 
hydrogen atoms with a methyl group in the axial ligands of the aliphatic complexes had 
little effect on the redox potentials (Table 2.4, entries 2 and 3), consistent with the 
observation that substitution of hydrogen with a methyl group did not significantly 
change the pKas of the precursor carboxylic acids (pKa of CH3C(=O)OH and 









Table 2.4. Electrochemical potentialsa for the compounds 1, 2, 3, 4, 7, and 8 in CH2Cl2. 
Compound 1st oxid./ E°' 2nd oxid./ E°' Red.c Epc/ Epa 
1 0.55 (135) 1.10/ 0.92c −1.52/ −1.17 
2 0.53 (134) 1.07/ 0.95c −1.71/ −1.18 
3 0.53 (124) 1.05/ 0.93c −1.70/ −1.18 
4 0.59 (153) 1.03 (155) −1.53/ −1.19 
7 0.59 (150)b 1.04 (152) −1.66/ −1.11 b 
8 0.62 (167) b 1.04 (164) −1.42/ −1.17 b 
a Potentials are in volts, and are referenced to the Fc/Fc+ set at 0.00 V. Experimental conditions: 1 mM 
analyte, 200 mV/s scan rate, 0.1 M NBu4PF6. The numbers in parenthesis represent the ΔEp values (in 
mV) for the redox couples which compare with those of Fc/Fc+. b Also reported in ref. 32 c Epa/ Epc 
potentials. d Epa/ Epc potentials. 
 
The cyclic voltammograms of compound 4 in CH2Cl2 with 0.1 M NBu4PF6 as 
support electrolyte at a scan rate of 200 mVs-1 is shown in Fig. 2.12.  
 
 
Figure 2.12 . Cyclic voltammogram of 4. Conditions: 1 mM  analyte, 200 mV/s scan 
rate, 0.1 M NBu4PF6 support electrolyte, room temperature.  
 
The voltammogram reveals that compound 4 undergoes a reversible first 
oxidation at E°' = 0.59 V vs. the Fc/Fc+ couple to generate the monocation [4]+. This 




reversible second oxidation was observed at a higher potential of E°' = 1.03 V and a 
chemically irreversible reduction was observed at Epa = −1.53 and Epc = −1.19 V for 
compound 4. 
We note that first oxidations of 1, 2, 3, 4, 7 and 8 each have cathodic-to-anodic 
peak ratios (ipa/ipc) of ~1.0. Furthermore, plots of ipa vs. the square root of the scan rate 
(ν1/2) for the first oxidations of these compounds and the second oxidations of 4, 7 and 8 
show a linear relationship over a scan rate range 0.05 – 1.6 V/s indicating diffusion-
controlled processes, and the peak separation ΔEp = │Epa – Epc│ of the these oxidations 
compare with those of the Fc/Fc+ (Table 2.4). 
The redox behaviors of the ferrocenecarboxylate compounds 5 and 6 were also 
investigated by cyclic voltammetry. Fig. 2.13a and 2.13b show the cyclic 
voltammogram of compounds 5 and 6, respectively, in CH2Cl2 with 1 mM 
acetylferrocene and 0.1 M NBuPF6 as support electrolyte at a scan rate of 200 mVs
-1.  
The voltammogram of 5 (Fig. 2.13a) shows four one-electron reversible redox 
waves at Eo1' = +0.058 V, E
o
r ' = + 0.28 V, E
o
2' = +0.66 V, and E
o
3' = + 1.03 V (vs. 
Fc/Fc+ couple) (Table 2.5). The potential Eor ' = +0.28 V is the redox potential of 
acetylferrocene-acetylferrocenium couple referenced to Fc/Fc+ at 0.00 V. Similarly, 
compound 6 displayed oxidations at Eo1' = +0.056 V, E
o
2' = +0.37 V, and E
o
3' = + 0.83 








Table 2.5. Electrochemical dataa for compounds 5 and 6. 
Compound 1st oxid./ Eo1' 2nd oxid./ E
o
2' 3rd oxid./ E
o
3' Red. (Epc)/ Epa 
5 0.058 (120) 0.66 (120) 1.03 (128) −1.79 
6 0.056 (158)  0.37 (125) 0.83 (154) −1.65/ −1.16 
a Potentials are in volts, and are referenced to the Fc/Fc+ couple set at 0.00 V. Experimental conditions: 1 
mM analyte, 200 mV/s scan rate, 0.1 M NBu4PF6. The numbers in parenthesis represent the ΔEp values 
(in mV) for the redox couples which compare with those of Fc/Fc+. 
 
We note here that the oxidation wave due to acetylferrocene and the second 
oxidation wave of 6 overlapped. This explains why the peak separation (ΔEp = 234 mV) 
is ~2× those of the first and the second oxidations as observed in the overlaid CVs of 5 
without AcFc (dash lines) and with AcFc (solid lines) (Fig. 2.13b).  
 
 
Figure 2.13. Cyclic voltammogram of (a) 5 (1 mM)  with acetylferrocene in CH2Cl2 (b) 
6 (1 mM) with 1 mM AcFc (___), and without AcFc ( ----) in CH2Cl2. Support 
electrolyte: 0.1 M NBuPF6 at a scan rate of 200 mVs




We assign the site of first oxidation to the iron center of the ferrocene 
carboxylate ligands. The first oxidation potentials of both 5 and 6 vs. Fc/Fc+ couple 
compare with those of ferrocenylacetic acid (E1/2 = +0.05 V in 1,2-dichloroethane),
54 p-
bromophenylferrocene (E1/2 = +0.09 V in CH3CN), phenylferrocene (+0.03 V in 
CH3CN), octaphenylferrocene (E1/2 = +0.03 V in CH3CN)  and vinylferrocene (E1/2 = + 
0.02 V in CH3CN).
55 However, these first oxidation potentials of 5 and 6 are lower than 
those reported for the free ferrocenecarboxylic acid (E1/2 = +0.234 V in 1,2-
dichloroethane), 3-ferrocenyl-2-propenoic acid (E1/2 = +0.127V in 1,2-
dichloroethane),54 acetylferrocene (E1/2 = +0.27 V in CH3CN,
55 and (E1/2 =+0.28 V in 
CH2Cl2 in this work). We attribute reason for these lower first oxidation potentials of 5 
and 6 to an overall electron-donation from the porphyrins to the ferrocene carboxylate 
ligands. Thus, the site of first oxidation in 5 and 6 is the FcC(=O)O ligand to generate 
the species [(por)Ru(NO)(OC(=O)Fc)]•+ (por = T(p-OMe)PP, TTP) where the site of 
oxidation is the ferrocenyl Fe (i.e., the Fe2+/Fe3+ couple). Cyclic voltammetry 
measurements of the non-porphyrin complexes [Ru(η2-O2CFc)(L2)] (L = dppm, dppe, 
dppp) in 1,2-dichloroethane show E1/2 (vs. Fc/Fc
+ couple) of +0.218 V, +0.192 V and 
+0.245 V, respectively which were also confirmed by OSWV measurements.51 The 
authors assigned the Fe centers of these compounds as the site of oxidation (i.e 
Fe2+/Fe3+). In the complex (TPP)Sn(OC(=O)Fc)2 the authors reported a reversible 
oxidation at E1/2 = +0.11 V (vs. Fc/Fc
+ in THF) due to the FcC(=O)O ligand.48 
We attribute the site of the second oxidations (Eo2'= +0.66 V for  5  and E
o
2' = 
+0.37 V for 6 vs. Fc/Fc+) to the porphyrin center leading to the generation of the π-




assigned to the porphyrin macrocyle in both 5 and 6. Meyer and Whitten, have reported 
that RuII porphyrin complexes containing π-acids such as CO have the propensity to 
display two porphyrin-centered one electron oxidations.56 Based on the CV data alone 
we ascribe the second oxidation (Eo2') and third oxidation (E
o
2') of compounds 5 and 6 
as porphyrin-centered oxidations. 
 
2.3.6.2 Infrared Spectroelectrochemistry 
We performed IR spectroelectrochemical experiments37,57 to gain insight into 
the chemical identities of the electrogenerated products of the compounds. In each of 
these experiments, the electrode was typically held at a potential slightly more positive 
than the peak potential (Epa), or slightly more negative than the peak potential for 
reduction (Epc), to accumulate sufficient quantities of the electrogenerated products. 
Prior to collecting FTIR spectra for the redox products, the IR spectra of the starting 
materials were used as backgrounds for the respective experiments. The difference IR 
spectra obtained during first electrooxidation of compound 7 is shown in Fig. 2.14a. 
The νNO band of 7 at 1850 cm
-1 is consumed and a corresponding new band at 
1870 cm-1 is observed in the difference spectrum (Fig. 2.14a). This small νNO shift of 
+20 cm-1 from its original position in neutral (T(p-OMe)PP)Ru(NO)(OC6HF4) is 
attributed to a porphyrin-centered oxidation.37 The new band at 1598 cm-1 was 
associated with an enhancement in intensity of a vibration in the porphyrin 
macrocycle25 that appeared not to be directly associated with the 1607 cm-1 band of the 






Figure 2.14. Difference IR spectra of (a) 7, (b) 8 and (c) 4 showing the formation of 
products during first oxidations.   
 
We also observed that the electrogenerated product of the first oxidation of 
compound 8 had a νNO band at 1886 cm
-1 in the difference spectrum (Fig. 2.14b). This 
νNO shift of +20 cm
-1 from the initial 1866 cm-1 band of the starting starting compound 
was similarly attributed to a porphyrin-centered oxidation. The new band at 1723 cm-1 
was assigned to νCO which represented a shift of +8 cm
-1 from its original position at 
1715 cm-1 and suggests that the CF3C(=O)O group is still bound to ruthenium after the 




macrocycles are in the 1270-1295 cm-1 range58 which, unfortunately, are outside of the 
spectral window. Based on the cyclic voltammetric data and the IR 
spectroelectrochemical data, we conclude that the first oxidation process of 8 involve 
transfer of a single electron from the porphyrin macrocycle to generate the (T(p-
OMe)PP•+)Ru(NO)(OC(=O)CF3) radical cation. 
The electrogenerated product after second oxidation of 7 has a new νNO band 
1892 cm-1 in the difference IR spectrum and another at 1870 cm-1 due to the first 
oxidation product (Fig. 2.15a) and ΔNO of each of these bands is less than 100 cm
-1, 
thus, implying both first and second oxidations of 7 are porphyrin-centered. Thus, 
during second oxidation of 7 both (T(p-OMe)PP2+)Ru(NO)(OC6HF4) and (T(p-
OMe)PP•+)Ru(NO)(OC6HF4) are produced with the former being the least stable as 
evidenced by the weakness of their νNO bands (Fig. 2.15a). 
The difference IR spectrum of compound 8 during first and second oxidations 
similarly   showed new νNO bands at 1886 cm
-1 (ΔνNO = +20 cm
-1) and 1916 cm-1 ΔνNO 
= +50 cm-1). Their respective νCO bands are 1723 cm
-1 (ΔνCO = +8 cm
-1) and 1800 cm-1 
(ΔνCO = +85 cm






Figure 2.15. Difference IR spectra of (a) 7, (b) 8 and (c) 4 showing the formation of 
products during second oxidations.   
 
The other aliphatic carboxylate complexes (1, 2 and 3) (not shown) and 
compound 4 (Fig. 2.14c and 2.15c) showed shifts in their respective νNO and νCO bands 
after first and second oxidations (Table 2.6) and each of them displayed two porphyrin-






Table 2.6. IR (CH2Cl2)/ cm
-1 values of the O-bound ruthenium nitrosyl porphyrin 
compounds and their redox products. 
Compound IR (Initial) IR (1st oxid.) IR (2nd oxid.) IR (red.) 






















































































a due to νArO 
 
Based on the cyclic voltammetry data and the IR spectroelectrochemical data, 
we conclude that the first and second oxidation processes of 1, 2, 3, 7 and 8 involve 
transfer of electrons from the porphyrin macrocycle to generate (T(p-
OMe)PP•+)Ru(NO)(O-ligand) and (T(p-OMe)PP)Ru(NO)(O-ligand)]2+, respectively. 
We then turned our attention to the study of the behavior of 1, 2, 3, 7, 8 and 4 
during reduction.  The difference IR spectrum of the product formed after reduction of 7  
is shown in Fig. 2.16a. The initial νNO band at 1850 cm




band at 1634 cm-1 is observed. Kaim and coworkers have shown a lower energy shift in 
νNO (~300 cm
-1) upon reduction of some [(por)Ru(NO)(L)]+ complexes.59  
 
 
Figure 2.16. Difference IR spectra of (a) 7, (b) 8 and (c) 4 showing the formation of 
products during reductions.   
 
However, in a control experiment, we determined that this band at 1634 cm-1 is 
in an identical position to that obtained for the sodium salt of the tetrafluorophenoxide 
(NaOC6F4H) in 15-crown-5/CH2Cl2/NBu4PF6.  We thus conclude that this band is due 
to the dissociation of the tetrafluorophenoxide ion (C6F4HO





The difference IR spectrum obtained during reduction of 8 is shown in Fig. 
2.16b, and reveals the loss of the starting νNO at 1866 cm
-1. Further, there is a loss of a 
band at 1714 cm-1 (due to νCO of 8) and generation of a new band at 1687 cm
-1. We 
hypothesize that this band results from the dissociated trifluoroacetate anion 
CF3C(=O)O after reduction. Indeed, an IR spectrum of NaOC(=O)CF3 in 15-crown-
5/CH2Cl2/NBu4PF6 solution revealed an identical band at 1687 cm
-1.32 Note that the 
compounds 1, 2 and 3 have similar difference spectra as 8 and thus, produce similar 
redox products after reduction. 
The difference IR spectrum obtained for 4 after reduction is shown in Fig. 2.16c 
reveals the loss of the starting νNO at 1859 cm
-1 and a loss of the νCO band at 1649 cm
-1.  
The loss of the band at 1649 cm-1 resulted in the new band at 1671 cm-1 and was 
assigned to the dissociated p-NO2-C6H4C(=O)O ligand. Thus, electroreductions of 1, 2, 
3, 7, and 8 result in the dissociation of the axial O-ligand generating the unstable (T(p-
OMe)PP)Ru(NO) byproduct. 
Using the information obtained above, we then proceeded to identify in 
comprehensive form, the redox products generated after the first and second oxidations, 
and the reductions of 5 and 6. The difference IR spectra obtained after first oxidation of 






Figure 2.17. Difference IR spectra of (T(p-OMe)PP)Ru(NO)(OC(=O)Fc) (5) (left) and 
(TTP)Ru(NO)(OC(=O)Fc) (6) (right) showing the formation of products after (a) first 
oxidation, (b) second oxidation, and (c) reduction. 
 
The electrogenerated product of the first oxidation of 5 has a νNO band at 1867 
cm-1 in the difference spectrum (Fig. 2.17a, left) representing a shift of + 15 cm-1. The 
new band at 1665 cm-1 is assigned to the νCO (ΔνCO = + 31 cm
-1) of FcC(=O)O ligand, 
and suggests that the ligand is still bound to Ru in solution. Similarly, compound 6 
displays a new νNO band at 1865 cm
-1 upon first oxidation which represents a shift of 





= + 31 cm-1). These shifts are consistent with ligand-centered oxidations and we assign 
the FcC(=O)O as the ligand undergoing oxidation when a potential of Eo = 58 mV was 
applied. We conclude that during the first oxidations, the compounds are converted to 
(por)Ru(NO)(OC(=O)Fc·+) (Eq. 2.4). The difference IR spectra of  5 and 6, during the 
first oxidation, lack the 1598 cm-1 band usually associated with an enhancement in 
intensity of a vibration in the porphyrin macocycle,25 an indication that the site of first 
oxidation is somewhere other than the porphyrin macrocycle, thus, our assignment of a 
ligand-centered oxidation. 
 
(por)Ru(NO)(OC(=O)Fc)  +  e−     (por)Ru(NO)(OC(=O)Fc·+)  (2.4) 
 
The difference spectrum of the product formed after second oxidation of 5 and 6 
are shown in Fig. 2.17b (left and right, respectively). The difference spectrum of 
compound 5 after second oxidation shows a new νNO band at 1868 cm
-1. This shift of 
+16 cm-1 is comparative to the νNO shifts observed in the (T(p-
OMe)PP)Ru(NO)(OC(=O)R) complexes, and thus, suggestive of a porphyrin-centered 
oxidation. A new νCO band was also observed at 1665 cm
-1 (ΔνCO = + 31 cm
-1) and a 
small band at 1751 cm-1 (ΔνCO = + 117 cm
-1). We assign the 1751 cm-1 peak to the νCO 
of FcC(=O)O in the electrogenerated product, (T(p-OMe)PP+·)Ru(NO)(OC(=O)Fc). 
The compound 6 similarly undergoes a porphyrin-centered second oxidation to 
generate the product (TTP+·)Ru(NO)(OC(=O)Fc) which has new νNO and νCO bands at 




We hypothesize that during the second oxidation process, a mixture of (por 
+·)Ru(NO)(OC(=O)Fc) and (por)Ru(NO)(OC(=O)Fc+·) are formed, the latter forming 
from the former by delocalization of the radical cation into the Cp ring of the 
FcC(=O)O ligand (Eq. 2.5), a process that needs to be investigated further.  
 
(por·+)Ru(NO)(OC(=O)Fc)     (por)Ru(NO)(OC(=O)Fc·+)   (2.5) 
 
Furthermore, the associated porphyrin macrocyle bands observed between 1597 
cm-1 and 1606 cm-1 are not as enhanced as those observed for the porphyrin-centered 
first oxidation of the carboxylate complexes, (por)Ru(NO)(OC(=O)Fc), which supports 
our proposed  mixed (por·+)Ru(NO)(OC(=O)Fc) and (por)Ru(NO)(OC(=O)Fc+·) after 
second oxidation of (por)Ru(NO)(OC(=O)Fc). 
The electrogenerated ferrocenyl products after reductions of 5 and 6 were also 
studied by IR spectroelectrochemistry. The difference IR obtained during reduction are 
shown in Fig. 2.17c (left and right), respectively for (T(p-OMe)PP)Ru(NO)(OC(=O)Fc) 
and (TTP)Ru(NO)(OC(=O)Fc). The difference IR spectrum of (T(p-
OMe)PP)Ru(NO)(OC(=O)Fc) after reduction shows the loss of the starting νNO and νCO 
bands at 1852 cm-1 and 1634 cm-1, respectively and the generation of a new band at 
1578 cm-1 assigned to (FcC(=O)O−). Fig. 2.17c(left) also reveals the loss of a band at 
1723 cm-1 and may be attributed to the loss of the (Fc+·C(=O)O−) generated after 
oxidations (Eq. 2.6 and 2.7). Thus, the reduced products, like those of 1, 2, 3, 4, 7 and 8 
are the unstable byproduct (por)Ru(NO). 




(por)Ru(NO)(OC(=O)Fc+·) + e− → (por)RuNO + Fc+·C(=O)O−    (2.7) 
 
2.4 Conclusion 
In conclusion, we have prepared and spectroscopically characterized the 
compounds (T(p-OMePP)Ru(NO)(OC6HF4) (7), (T(p-OMe)PP)Ru(NO)(OC(=O)R) (R 
= CH3 (1), CH(CH3)2 (2), C(CH3)3 (3), p-NO2-C6H4 (4), CF3 (8)) and 
(por)Ru(NO)(OC(=O)Fc) (por = T(p-OMe)PP (5), TTP (6)). X-ray crystallographic 
data obtained for these {RuNO}6 species reveal linear RuNO linkages. Cyclic 
voltammetry and IR spectroelectrochemistry reveal reversible oxidations centered on 
the porphyrin rings in 1, 2, 3, 4, 7 and 8. In compounds 5 and 6 the first oxidation is 
ferrocenyl-centered resulting in the generation of the species 
(por)Ru(NO)(OC(=O)Fc+·). The electrochemical experiments also revealed that the 
second oxidations of the compounds (1-8) as porphyrin-centered. The electrochemical 
reductions result in the eventual dissociation of the axial O-ligands with concomitant 
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Chapter 3: Synthesis, Characterization, and Spectroelectrochemistry 
of O-bound Five-coordinate Porphyrin Complexes; Reactivity with 
Nitric Oxide and Potential Structural Consequences. 
3.1 Introduction 
Ferric heme complexes, (por)FeIII(X) (X = anionic, neutral) are relevant in 
biological systems and have received a great deal of attention.1 For example, as 
mentioned in Chapter 2, (por)Fe(O-aryl) complexes have been used as models for heme 
catalase2 and hemoglobin M variants.3 Also, bacterial ferricytochromes c' possess ferric 
heme prosthetic groups with varying spin-states, a property necessary for its catalytic 
action.4,5 
The relationship between the spin-state and stereochemistry of (por)FeX 
complexes is relatively well established in the literature. Hoard, Scheidt and others have 
detailed this relationship using X-ray crystallographic data.6,7 A general trend has been 
inferred for the Fe−N(por) and the Fe−X(X = imidazole) bond lengths as well as the 
out-of-plane iron atom displacement from the mean 24-atom porphyrin cores (ΔporFe) of 
(por)FeX complexes. For example, in five-coordinate (por)FeX complexes, Fe−N(por) 
bond lengths of 2.060-2.087 Å and 1.994-2.001 Å have been observed for high-spin and 
admixed intermediate spins, respectively. Also, ΔporFe values of five-coordinate 
intermediate spins complexes lie between those of low-spin (<0.11 Å) and high-spin 
complexes (>0.39 Å).7 
It is now known that the ligand field provided by the nature of the axial ligand 
and the porphyrin macrocycle control the spin states of metalloporphyrins. For example, 
whereas (TPP)FeCl is a high-spin complex, the related (TPP)Fe(OClO3) species has 




has admixed spin state properties, but the analogous complexes 
[(OETPP)Fe(THF)2]ClO4 and [(T
iprPP)Fe(THF)2]ClO4 are pure intermediate-spin state 
species.8,9 The deformation of the porphyrin core due to steric overcrowding is known 
to stabilize pure intermediate spin states in iron porphyrins.10 
In this chapter, I explore the relationship between the stereochemistry and spin-
states of some (por)Fe(OR) (R = aryl, aliphatic) complexes using X-ray crystallography. 
I also examine whether a relationship exists between the electronic properties of the 
axial OR ligand (and/or porphyrin macrocycle) and the spin states of their iron 
porphyrin derivatives. The overall goal is to be able to identify whether the spin states 
of the (por)Fe(OR) complexes have any correlation with nitric oxide (NO) binding to 
give the (por)Fe(NO)(OR) products. I anticipated that if the six-coordinate 
(por)Fe(NO)(OR) derivatives could be formed from the five-coordinate (por)Fe(OR) 
precursors, the spectral and structural comparisons would help to explain the trans 
influence of NO on the axial O-bound ligands (Fe−O) in the six-coordinate 
(por)Fe(NO)(OR) complexes, a phenomenon, which unlike the cis influence11 has not 
been well explored.Our group has previously observed that the trans NO ligand in the 
complex (TPP)Fe(NO)(OC(=O)CF3) exhibited a negative trans influence as evidenced 
by a shortening by 0.03 Å of the Fe−O bond in the six-coordinate 
(TPP)Fe(NO)(OC(=O)CF3).
12 In this work I use a combination of spectroscopy, X-ray 
crystallography, electrochemistry and theoretical calculations to explore the chemistry 






3.2 Experimental Section 
All reactions were performed under an atmosphere of nitrogen using standard 
Schlenk glassware and/ or in an Innovative Technology Labmaster 100 Dry Box unless 
stated otherwise. Solvents for reactions were collected under a nitrogen atmosphere 
from a solvent purification system (Innovative Technology, Inc. Newburyport, MA, 
USA, PS-400-5MD) using a glass syringe. 
 
3.2.1 Chemicals 
The free base porphyrins (por)H2 (por = TPP, T(p-OMe)PP, TTP,
13 TMP,14 
TpivPP,
15 TF8PP, and OETPP
16 were synthesized by published procedures. 
Metalloporphyrins (por)FeCl (por = TPP, T(p-OMe)PP, TTP, TMP, TpivPP, TF8PP, and 
OETPP) were prepared by the standard Alder-Longo method.17 The compound 
(OEP)FeCl was purchased from Mid-Century Chemicals and used as received. The 
compounds [(por)Fe]2O (por = TPP, T(p-OMe)PP, TTP, OEP),
18-21 [(TpivPP)Fe]2O
15 
and (por)Fe(OMe)22 were prepared by published procedures. The compounds, 2,3,5,6-
tetrafluorophenol (C6HF4OH, 98%), p-fluorophenol (p-F-C6H4OH, 99%), p-nitrophenol 
(p-NO2-C6H4OH, 99%), potassium trimethylsilanolate (KOSiMe3, 90%), sodium 
methoxide (NaOMe, 95%), ferrocene (Fc, 98%) and tetrabutylammonium 
hexafluorophosphate (NBu4PF6, ≥99%) were purchased from Aldrich Chemical 
company and used as received. Cobaltocene (Cp2Co, 98%) was purchased from Aldrich 
Chemical company and purified by sublimation.23 Trimethylsilylmethanol 
(Me3SiCH2OH, > 97%) was purchased from TCI Chemicals Company and used as 




Isotope Laboratories and purified by three freeze-pump-thaw cycles, and stored over 4Å 
molecular sieves. Nitric oxide (NO, 98%, Matheson Gas) was passed through a double 
KOH pellet trap and a cold trap (dry ice/ acetone) to remove higher nitrogen oxides. 
 
3.2.2 Instrumentation/ Spectroscopy 
Infrared spectra were recorded on a Bio-Rad FT-155 and/ or a Tensor 27 FTIR 
spectrometer. UV-vis spectra were recorded on a Hewlett-Packard model 8453 diode 
array instrument. 1H NMR spectra were obtained on a Varian 300 MHz spectrometer at 
room temperature and the signals referenced to the residual signal of the solvent 
employed (CHCl3 at 7.24 ppm). The effective magnetic moments of the complexes, μeff 
were obtained by the Evans method24,25 and calculated using the equation μeff = 
2.84√(χMT), where T is the temperature in Kelvin , and χM is the molar paramagnetic 
susceptibility given by: χM = [(χOM(solute)/M(solvent))]  +  [3000(Δν/4πν0C)].
25,26 Δν is the 
frequency difference between the CH2Cl2 signal in the inner tube and the outer tube, χ0 
is the diamagnetic susceptibility of pure CDCl3 solvent,
27 M is the molecular weight, C 
is concentration of sample in mol/L, ν0 is the frequency of the 300 MHz instrument. 
Elemental analyses were obtained by the staff of Atlantic Microlab, Norcross, GA. 
 Cyclic voltammetry was performed using a BAS CV 50W instrument 
(Bioanalytical Systems, West Lafayette, IN). In all the electrochemical experiments, a 
three-electrode cell was utilized and consisted of a 3.0-mm diameter Pt disk working 
electrode, a Pt wire counter electrode, and a Ag/AgCl reference electrode. Solutions 
were deaerated before electrochemical experiments were performed by passing a stream 




maintained over the solution while performing the experiments. The electrochemical 
experiments were performed in solutions containing 0.1 M NBu4PF6 and 1.0 mM of the 
analyte. Ferrocene, (Fc, 1.0 mM) was used as standard for the electrochemical 
experiments of compounds where potentials were referenced to the Fc/Fc+ couple set at 
0.00 V. A Bruker Tensor 27 FTIR spectrometer equipped with a mid-IR fiber-optic dip 
probe and liquid nitrogen cooled MCT detector (RemSpec Corporation, Sturbridge, 
MA, USA) was used for the infrared spectroelectrochemistry. The electrochemical 
experiments were performed in triplicates. X-ray diffraction data were collected using a 
diffractometer with a Bruker APEX ccd area detector28,29 and graphite-monochromated 
Mo Kα radiation (λ = 0.71073 Å). 
Density functional calculations (B3LYP/ DGDVZP) were performed using 
Gaussian-0930 through the WebMO interface (https://webmo.oscer.ou.edu). Geometric 
optimizations were performed on the five coordinate (porphine)Fe(OSiMe3) (S = 5/2) 
and the six-coordinate (porphine)Fe(NO)(OSiMe3) (S=0), followed by vibrational 
frequency calculations and molecular orbital calculations. 
 
3.2.3 Syntheses 
3.2.3.1 Preparation of the (por)Fe(O-aryl) Complexes 
The five-coordinate ferric aryloxide porphyrin complexes (por)Fe(O-aryl) were 
prepared by treating dichloromethane solutions of the complex [(por)Fe]2(μ-O) or 
(por)Fe(OMe) with the aryl alcohol. The following reaction is representative: 
(TPP)Fe(OC6HF4). To a dichloromethane solution (10 mL) of [(TPP)Fe]2(μ-O) 




(40.7 mg, 0.240mmol). The mixture was stirred overnight at room temperature during 
which time the color of the solution changed from green to red-brown. The solvent was 
then reduced under vacuum to ca. 3 mL and hexane (10 mL) was added. The resulting 
brown precipitate was filtered, washed with hexane, and dried in vacuo to give 37.8 mg 
(0.045 mmol, 95 % isolated yield based on [(TPP)Fe]2(μ-O)) of the product. IR (KBr, 
cm-1): 3079 w, 3058 w, 3023 w, 2963 vw, 2928 vw, 2857 vw, 1820 w, 1640 m, 1600 m, 
1532 s, 1506 s, 1477 s, 1442 m, 1401 w, 1340 m, 1276 w, 1202 m, 1176 (sh) w, 1169 
m, 1090 s, 1077 s, 1005 s, 996 s, 932 s, 804 s, 754 s, 718 m, 704 s, 661 m, 573 w, 524 
w, 490 m, 437 m. UV-vis (CH2Cl2, λ/ nm): 345, 415, 574. Anal. Cald for 
C50H29N4F4OFe·0.1CH2Cl2: C, 71.45; H, 3.49; N, 6.65. Found: C, 71.67; H, 3.95; N, 
6.65. Magnetic susceptibility measurements by Evans method: μeff = 5.34 BM at 294 K. 
X-ray quality crystals of (TPP)Fe(OC6HF4) were obtained by slow evaporation of a 1:1 
dichloroethane/ cyclohexane solution of the compound. 
(T(p-OMe)PP)Fe(OC6HF4): (T(p-OMe)PP)Fe(OC6HF4) was prepared as 
described for (TPP)Fe(OC6HF4) by treating a CH2Cl2 solution of [(T(p-OMe)PP)Fe]2(μ-
O) with excess C6HF4OH. Isolated yield: 93 %. IR (KBr, cm
-1): 3072 vw, 3032 vw, 
3002 vw, 2957 w, 2934 w, 2908 w, 2837 w, 1655 w, 1637 w, 1607 m, 1575 w, 1531 m, 
1506 s, 1796 m, 1476 (sh) m, 1440 m, 1411 w, 1336 m, 1290 m, 1249 s, 1175 s, 1097 
m, 1035 m, 998 s, 934 m, 848 w, 807 s, 781m, 729 w, 717 m, 640 w, 602 m, 569 w, 539 
w, 481 w, 423 w. Anal. Cald for C54H37N4F4O5Fe·0.2CH2Cl2: C, 67.06; H, 3.88; N, 
5.77. Found: C, 67.01; H, 3.93; N, 5.79. 
(TTP)Fe(OC6H4-p-F): This compound was prepared as described for 




IR (KBr, cm-1): 3126 vw, 3048 vw, 3024 w, 2919 w, 2863 vw, 1910 vw, 1819 vw, 1630 
vw, 1528 w, 1509 w, 1490 s, 1449 w, 1404 vw, 1335 m, 1249 w, 1204 s, 1183 m, 1110 
w, 1071 w, 1000 s, 832 m, 801 s, 768 m, 723 m, 562 w, 524 w, 511 w, 426 w.  Anal. 
Cald for C54H40N4OFe·CH2Cl2: C, 71.75; H, 4.60; N, 6.09. Found: C, 72.25; H, 4.66; N, 
5.93. X-ray quality crystals of (TTP)Fe(OC6H4-p-F) were obtained by slow evaporation 
of a 2:1 dichloromethane/ hexane solution of the compound. 
(OEP)Fe(OC6HF4): This compound was prepared as described for 
(TPP)Fe(OC6HF4) by reacting [(OEP)Fe]2(μ-O) with C6HF4OH . Isolated yield: 97 %. 
IR (KBr, cm-1): 2966 m, 2933 w, 2872 w, 1654 m, 1636 m, 1648 w, 1616 w, 1531 s, 
1502 s, 1473 s, 1457 m, 1449 m, 1419 w, 1402 m, 1374 w, 1370 w, 1362 w, 1315 m, 
1275 m, 1269 m, 1217 w, 1167 s, 1147 s, 1222 w, 1110 m, 1089 s, 1083 s, 1075 s, 1064 
m, 1054 s, 1016 s, 980 m, 957 s, 936 s, 924 s, 860 w, 850 w, 844 s, 917 s, 799 m, 747 
m, 732 w, 729 w, 714 s, 705 w, 698 w, 683 w, 669 w, 586, w, 578 w, 564 w. Magnetic 
susceptibility measurements by Evans method: μeff = 5.64 BM at 290 K. Anal. Cald for 
C42H45N4F4OFe: C, 66.93; H, 6.02; N, 7.43. Found: C, 66.25; H, 6.00; N, 7.43. X-ray 
quality crystals of (OEP)Fe(OC6HF4) were obtained by slow evaporation of a 1:1 
dichloromethane/ hexane solution of the compound. 
(TMP)Fe(OC6H4-p-F): This compound was prepared as described for 
(TPP)Fe(OC6HF4) using the precursors (TMP)FeOMe and p-F-C6H4OH. Isolated yield: 
90%. IR (KBr, cm-1): 2952 w, 2918 w, 2855 w, 1633 w, 1611 w, 1509 m, 1493 m, 1445 
w, 1382 w,1258 m, 1218 m, 1203 m, 1154 m, 1086 w, 1063 w, 999 s, 867 w, 852 w, 




(OETPP)Fe(OC6HF4): This was prepared as described for (TMP)Fe(OC6H4-p-
F) using (OETPP)FeOMe as precursor. Isolated yield: 89 %. Anal. Cald for 
C66H61N4OF4Fe·0.8CH2Cl2: C, 71.25; H, 5.60; N, 4.98. Found: C, 71.03; H, 6.10; N, 
4.69. X-ray quality crystals of (OETPP)Fe(OC6HF4) were obtained by slow evaporation 
of a 2:1 dichloromethane/ hexane solution of the compound. UV-vis at room 
temperature (CH2Cl2, λ, nm): 392, 441, 476, 570, 705. Magnetic susceptibility 
measurements by Evans method: μeff = 4.6 BM at 294 K. 
(TpivPP)Fe(OC6HF4): This compound was prepared as described for 
(TPP)Fe(OC6HF4) using the precursor [(TpivPP)Fe]2(μ-O) . Isolated yield: 89 %. IR 
(KBr, cm-1): 3435 m, 3372 w, 3064 w, 2961 m, 2936 w, 2909 w, 2869 w, 1825 w, 1695 
s, 1638 w, 1605 w, 1583 s, 1510 s, 1477 s, 1455 s, 1441 s, 1396 w, 1366 w, 1332 w, 
1301 m, 1254 w, 1205 w, 1159 m, 1100 m, 1085 m, 1074 m, 1000 s, 807 m, 800 m, 761 
s, 720 m, 657 w, 562 w, 494 w, 466 w. UV-vis (CH2Cl2, λ, nm): 355, 415, 502, 573. 
Magnetic susceptibility measurements by Evans method: μeff  = 5.35 BM at 294 K. 
(TpivPP)Fe(OC6H4-p-F): This compound was prepared as described for 
(TPP)Fe(OC6HF4) using [(TpivPP)Fe]2(μ-O) as the precursor. Isolated yield: 93 %. IR 
(KBr, cm-1): 3431 m. 3360 w, 2961 w, 2869 w, 1691 m, 1682 m, 1668 m, 1582 m, 1510 
s, 1492 m, 1455 m, 1443 m, 1302 w, 1220 m, 1204 m, 1559 m, 999 s, 833 m, 807 m, 
761 m, 749 m. Anal. Cald for C70H68N8O5FFe·2.5CH2Cl2: C, 62.71; H, 5.30; N, 8.07. 
Found: C, 62.47; H, 4.98; N, 7.53. 
(TpivPP)Fe(OC6H4-p-NO2): This compound was prepared as described for 
(TPP)Fe(OC6HF4) by reacting [(TpivPP)Fe]2(μ-O) with p-NO2-C6H4OH. Isolated yield: 




s, 1479 m, 1455 m, 1438 m, 1396 w, 1365 w, 1333 w, 1300 m, 1253 w, 1205 w, 1158 
m, 1071 w. 998 s, 924 w, 807 m, 796 w, 760 m, 722 w, 657 w, 565 w. 
(TF8PP)Fe(OC6HF4): This compound was prepared as described for 
(TPP)Fe(OC6HF4) using (TF8PP)Fe(OMe) as precursor. Isolated yield: 95 %. IR (KBr, 
cm-1): 3090 vw, 2956 vw, 2854 vw, 2745 vw, 1638 w, 1624 m, 1583 m, 1534 vw, 1508 
m, 1479 m, 1465 s, 1366 vw, 1328 m, 1276 m, 1237 m, 1206 m, 1167 m, 1102 m, 1077 
m, 1001 s, 935 m, 887 w, 800 m, 782 m, 745 w, 715 m, 662 w, 579 m, 538 w, 509 w, 
494 w, 474 w, 420 w. UV-vis (CH2Cl2, λ, nm): 330, 407, 495, 560, 615. Magnetic 
susceptibility measurements by Evans method: μeff  = 5.77 BM at 294 K. 
 
3.2.3.2 Preparation of the (por)Fe(O(CH2)nSiMe3) (n = 0, 1) complexes  
(TPP)Fe(OCH2SiMe3): This compound was prepared as described for 
(TPP)Fe(OC6HF4) by treating [(TPP)Fe]2(μ-O) or (TPP)Fe(OMe) with 
trimethylsilylmethanol (Me3SiCH2OH). Isolated yield: 93%. IR (KBr, cm
-1): Si-Me = 
1243 m, νSi-C = 853 s, 844 (sh) s. also; 3054 w, 3023 w, 2951 w, 2897 w, 2822 w, 2773 
w, 1813 w, 1629 w, 1597 m, 1487 m, 1440 m, 1411 m, 1338 m, 1202 m, 1777 w, 1556 
w, 1071 m, 1003 s, 995 s, 800 s, 752 m, 719 m, 701 s, 660 w, 573 w, 520 w, 435 w. 
UV-vis (CH2Cl2, λ, nm): 336, 415, 574, 632. Anal. Cald for C48H39N4OSiFe·2.5CH2Cl2: 
C, 61.63; H, 4.51; N, 5.69. Found: C, 61.89; H, 4.25; N, 5.77. X-ray quality crystals of 
(TPP)FeO(CH2SiMe3) were obtained by slow evaporation of a 1:1 dichloromethane/ 
cyclohexane solution of the compound. 
(OEP)Fe(OSiMe3): To a stirred THF (10 mL) solution of (OEP)FeCl (50.1 mg, 




1 h during which time the color of the solution changed from pink to red. After 1 hr of 
stirring the solvent was removed under vacuum and the resulting solid redissolved with 
toluene, filtered and then dried to give the (TPP)Fe(OSiMe3) product. Isolated yield: 
92%. IR (KBr, cm-1): Si-Me = 1240 s, νSi-O = 958 s, 831 (sh) s; also. 2967 vs, 2931 m, 
2871 m, 2780 w, 1687 w, 1629 w, 1468 m, 1450 m, 1375 w, 1317 w, 1269 m, 1216 m, 
1146 s, 1111 w, 1056 s, 1016 s, 981 m, 915 m, 831 s, 748 m, 732 w, 698 m, 475 m. 
UV-vis (CH2Cl2, λ, nm): 347, 395, 465, 582, 656. 
(TPP)Fe(OSiMe3): This compound was prepared as described for 
(OEP)Fe(OSiMe3) using (TTP)FeCl as precursor. Isolated yield: 90%. IR (KBr, cm
-1): 
Si-Me = 1240 m, νSi-O = 961 s, 949 (sh) s; also, 3054 w, 3021 w, 2948 w, 1597 m, 1487 
m, 1441 m, 1339 s, 1263 w, 1202 m, 1176 m, 1156 w, 1070 s, 1003 s, 995 s, 833 s, 800 
s, 749 s, 730 w, 718 m, 699 s, 660 m, 572 w, 523 w. X-ray quality crystals 
(TPP)Fe(OSiMe3) were obtained by slow evaporation of a 1:2 dichloromethane/ hexane 
solution of the compound. 
(OEP)Fe(OCH2SiMe3): This compound was prepared as described for 
(TPP)Fe(OCH2SiMe3) using [(OEP)Fe]2(μ-O) as precursor. Isolated yield: 93%. IR 
(KBr, cm-1): Si-Me = 1241 m, νSi-C = 855 s; also, 2963 m, 2931 m, 2871 m, 2773 w, 
1469 m, 1450 m, 1373 w, 1319 w, 1270 w, 1216 w, 1147 s, 1111 w, 1056 m, 1015 s, 
981 m, 958 s, 916 w, 841 s, 749 m, 731 w, 719 w, 699 m, 586 m. UV-vis (CH2Cl2, λ/ 
nm): 384, 547. Magnetic susceptibility measurements by Evans method: μeff = 5.85 at 
294 K. Anal. Cald for C40H55N4OSiFe·0.4CH2Cl2: C, 66.86; H, 7.75; N, 7.72. Found: C, 




(TpivPP)Fe(OCH2SiMe3): This compound was prepared as described for 
(TPP)Fe(OCH2SiMe3) using [(TpivPP)Fe]2(μ-O) as precursor. Isolated yield: 87%. IR 
(KBr, cm-1): Si-Me = 1246 m, νSi-C = 855 s, 844 (sh) s; also, 3434 s, 3061 w, 2958 m, 
2905 w, 2869 w, 1694 s, 1582 m, 1517 s, 1479 m, 1455 m, 1440 m, 1333 w, 1302 m, 
1257 m, 1157 m, 1071 m, 998 s, 806 m, 798 m, 760 s, 755 (sh) s, 722 m, 562 w. UV-vis 
(CH2Cl2, λ/ nm): 315, 415, 568, 656. Magnetic susceptibility measurements by Evans 
method: μeff  = 5.84 BM at 294 K. Anal. Cald for C68H75N8O5SiFe·0.2CH2Cl2: C, 69.11; 
H, 6.41; N, 9.45. Found: C, 69.17; H, 6.36; N, 9.94. 
 (TpivPP)Fe(OSiMe3): This compound was prepared as described for 
(OEP)Fe(OSiMe3) using (TpivPP)FeCl as precursor. Isolated yield: 89%. IR (KBr, cm
-1): 
Si-Me = 1242 m, νSi-O = 956 s, 939 (sh) s. Also, 3433 m, 3364 w, 3059 w, 2957 m, 2907 
w, 2868 w, 1695 s, 1582 s, 1517 s, 1477 m, 1457 m, 1439 m, 1395 w, 1364 w, 1332 w, 
1301 m, 1226 w, 1206 w, 1156 s, 1105 w, 1070 m, 998 s, 923 m, 833 m, 807 m, 796 m, 
759 s, 751 m, 722 w, 669 w, 657 w, 638 w, 561 w. UV-vis (CH2Cl2, λ/ nm): 328, 415, 
511, 571. Magnetic susceptibility measurements by Evans method: μeff = 5.60 BM at 
293 K. Anal. Cald for C67H73N8O5Fe·CH2Cl2: C, 65.91; H, 6.10; N, 9.04. Found: C, 
65.72; H, 5.66; N, 9.38. X-ray quality crystals (TpivPP)Fe(OSiMe3) were obtained by 
slow evaporation of a 1:10 dichloromethane/ hexane solution of the compound. 
 
 3.2.3.3 Reaction of the (por)Fe(OR) compounds with NO and IR Data 
Collection 
 
The following manipulations were performed under strict nitrogen atmosphere 




mg) were carefully transferred into a vial and the vial and its contents were sealed with 
an air-tight septum. NO (~10 equiv. by volume) was transferred into the vial through 
the septum using an air-tight Hamilton Syringe/ needle. The mixture was carefully 
agitated by shaking the vial for 1 min and the sealed vial and its contents were allowed 
to stand at room temperature for 1 h. (Note: These reactions are often accompanied by 
change in color of the powdered samples, typically from brown to red). After the 1 h 
reaction time, the septum was removed. Approximately 2 mg of the sample was taken 
from the vial and cautiously mixed with KBr and pressed into a pellet (Solid IR Cell). 
The KBr cell was quickly transferred to the IR spectrometer and IR spectral data was 
collected. The reactions of the single crystal samples of the (por)Fe(OR) were done by a 
similar procedure. 
 
3.3 Results and discussion 
3.3.1 Synthesis and structural characterization 
The five coordinate (por)Fe(OR) (R = aryl, SiMe3, CH2SiMe3) complexes were 
prepared by one of the following three methods: (i) treatment of the μ-oxo-dimer 
complex[(por)Fe]2(μ-O) with an “alcohol” (ROH)
31 (Eq. 3.1), (ii) by “alkoxide” (R'O−) 
exchange (Eq. 3.2), and (iii) by treating (por)FeCl with the “metal alkoxide” (MOR) (K 
or Na) (Eq. 3.3). 
 
[(por)Fe]2(μ-O)  +  2ROH    2(por)Fe(OR)  +  H2O    (3.1) 
(por)Fe(OR')  +  ROH    (por)Fe(OR)  +  R'OH     (3.2) 




The aryloxide complexes (por)Fe(OC6HF4) (por = TPP, T(p-OMe)PP, OEP, 
TF8PP, OETPP, TpivPP), (por)Fe(OC6H4-p-F) (por = TTP, TMP, TpivPP), and 
(TpivPP)Fe(OC6H4-p-NO2) were prepared either by method (i) (Eq. 3.1) or method (ii) 
(Eq. 3.2). I found method (i) a more convenient method considering the precursor 
[(por)Fe]2(μ- O) complex could be readily purified by column chromatography and due 
to the fact that the progress of the reaction could easily be monitored by IR 
spectroscopy. The disappearance of the IR bands in the 870-880 cm-1 region due to the 
Fe−O−Fe stretch18,32-34 of the [(por)Fe]2(μ- O) precursors in the IR spectra were 
indicative of completion of the reaction. Also, the [(por)Fe]2(μ-O) or (por)Fe(OMe) 
solutions gradually changed color upon addition of the ROH reagent. For example, 
during  the reaction of [(TPP)Fe]2(μ-O) with 2,3,5,6-tetrafluorophenol (C6HF4OH) in 
CH2Cl2, the color of the solution changed from green to red-brown, generating, after 
workup, the product in 95% isolated yield. The IR spectrum of the final product did not 
show the Fe−O−Fe band of the precursor at ~ 875 cm-1. The bands due to the axial 
aryloxide ligands in the spectrum were difficult to assign as they have relatively weak 
intensities that may also have overlapped with the porphyrin IR bands. In the 
(OEP)Fe(O-aryl) complexes, however, the infrared spectral bands due to the νC=C of 
aryloxide ligand were observed in the 1600 cm-1 region. 
The (por)Fe(O-aliphatic) compounds were prepared by methods (i), (ii) or (iii). 
For example, the reaction of [(TPP)Fe]2O(μ-O) or (TPP)Fe(OMe) with Me3SiCH2OH 
produced (TPP)Fe(OCH2SiMe3), and the reaction of (TPP)FeCl with KOSiMe3 
produced (TPP)Fe(OSiMe3). The IR spectra of the resulting (por)Fe(O(CH2)nSiMe3) 





~855 cm-1 due to Si−C−H (of SiMe3) bending (Si-Me) and C−SiMe3 stretch (νSi-C), 
respectively when n =1 (Table 3.1).35 
 
Table 3.1. Selected IR (KBr, cm-1) data of the (por)Fe(O(CH2)nSiMe3) (n = 0, 1) 
complexes. 
 (TPP)Fe(OR) (OEP)Fe(OR) (TpivPP)Fe(OR) (P)Fe(OR)* 
R = SiMe3 1240 
961 (949 sh) 
1240 
958 (831 sh) 
1242 
956, (936 sh) 
1308 
962 (877 sh) 
R = CH2SiMe3 1243 




855 (844 sh) 
 
*Obtained by calculation where P is porphine. 
  
In the case of (por)Fe(OSiMe3), (i.e., n = 0), medium intensity Si-C bands were 
observed at ~1242 cm-1, and a strong band due to νSi-O observed at ~960 cm
-1.35 For 
example, in the complex (TpivPP)Fe(OSiMe3) these bands were observed at 1242 cm
-1 
and 956 (936 sh) cm-1, respectively. The assignment of the IR bands in 
(por)Fe(OSiMe3) were confirmed by DFT calculations using B3LYP/ DGDZVP for the 
model compound (P)Fe(OSiMe3) (P = unsubstituted porphine ring) (Table 3.1). 
Furthermore, the bands due to the Me3Si(CH2)nO fragment in the 
(por)Fe(O(CH2)nSiMe3) complexes were observed at lower frequencies than in the 
corresponding precursors Me3SiCH2OH and KOSiMe3, indicative of ligand binding to 
the iron center.  
The effective magnetic moments (μeff) of compounds (OEP)Fe(OC6HF4), 
(OEP)Fe(OCH2SiMe3), (TpivPP)Fe(OCH2SiMe3), (TpivPP)Fe(OSiMe3) and 
(TF8PP)Fe(OC6HF4), as determined by Evans method
24 are 5.64, 5.85, 5.84, 5.60 and 
5.77 BM, respectively. These are in the same range as those determined for other five-




(TPP)Fe(OC6HF4) was found to exhibit admixed spin state properties
36 in solution, with 
a μeff = 5.34 BM; a value quite close to the μeff = 5.19 BM obtained for the related 
admixed spin-state (TPP)Fe(OClO3) compound.
37 Weak field axial ligand binding to Fe, 
as in the case of the latter compound, a smaller iron displacement from the mean 
porphyrin plane7 and the deformation of the porphyrin macrocycle (vide infra)8,38 are 
some of the factors that contribute to influencing the spin-state of iron porphyrin 
complexes. I expect these factors to contribute to the observed magnetic susceptibilities 
of the compounds. Note that the compounds (TpivPP)Fe(OC6HF4) (μeff = 5.35) and 
(OETPP)Fe(OC6HF4) (μeff = 4.60) seem to possess admixed spin-state properties in 
solution. Furthermore, the μeff values of 5.85, 5.60 and 5.84 for (OEP)Fe(OCH2SiMe3), 
(TpivPP)Fe(OSiMe3) and (TpivPP)Fe(OCH2SiMe3), respectively, show that these 
complexes are also essentially high-spin species. 
 UV-vis spectral data of some of the compounds in CH2Cl2 are shown in Table 
3.2. All the complexes have at least one peak with λmax ≤400 nm, and the absorption 
bands compare well with those of other high-spin ferric (TPP)Fe(OR) complexes 


















Table 3.2. UV-vis spectra of some (por)Fe(OR) compounds. 
Compound Peak position, λ (nm) Reference 
(TPP)Fe(OC6HF4) 345, 415, 574 this work 
(TPP)Fe(OC6H2-2,4,6-Me) 330, 418, 487, 582, 632 
39 
(TPP)Fe(OC6H5) 335, 418, 495, 558, 635, 840 
39 
(TPP)Fe(OC6H4-p-Me) 332, 418, 500, 567, 638 
39 
(TPP)Fe(OC6H4-p-NO2) 362, 418, 503, 565, 640, 670, 840 
39 
(TPP)Fe(OC6H4-2,4-NO2) 356, 417, 508, 575, 654, 683, 860 
39 
(TF8PP)Fe(OC6HF4) 330, 407, 495, 560, 615 this work 
(TpivPP)Fe(OC6HF4) 355, 415, 502, 573 this work 
(PPIXDME)Fe(OC6H4-p-NO2) 400, 501, 529, 620 
31 
(OEP)Fe(OC6HF4) 367, 394, 504, 534, 623 this work 
(TPP)Fe(OCH2SiMe3) 336, 415, 574, 632 this work 
(OEP)Fe(OSiMe3) 347, 395, 465, 582, 656 this work 
(OEP)Fe(OC6H5) 391, 488, 515, 602 
40 
(OETPP)Fe(OC6H5) 392, 441, 476, 570, 705 this work 
(TpivPP)Fe(OSiMe3) 328, 415, 511, 571 this work 
(TPP)Fe(OCMe3) 344, 418, 510, 573, 610, 694, 775 
39 
(OEP)Fe(OCH2SiMe3) 384, 547 this work 
(TpivPP)Fe(OCH2SiMe3) 315, 415, 568, 656 this work 
(TpivPP)Fe(OMe) 353, 416, 512, 624, 680 this work 
(TPP)Fe(OMe) 344, 419, 500, 581, 632, 765 39 
(OETPP)Fe(OMe) 377, 438, 486 this work 
 
Importantly, the position of the Soret band is dependent on the substitution on 
the porphyrin macrocycle, and the dependence of the Soret band on the axial ligand 
(pKa) has already been noted in the literature.
41 It has been known for decades that para-
substituted electron donor groups at the meso position of free base and acid-cations of 
tetraphenylporphyrins tend to shift the UV-vis bands to lower wavelengths4,42 and the 
electronic effects on the redox potentials of meso-substituted porphyrins have been 
extensively demonstrated by electrochemistry.43,44 For example, para-substituted 
electron-withdrawing groups on the aryl groups of meso-tetraaryl porphyrins increase 
the oxidation potentials of the iron porphyrin complexes.44 
The UV-vis spectrum is, however, different for the di-ortho-substituted tetraaryl 




to 407 nm (cf. Soret band at 415 nm in the unsubstituted (TPP)Fe(OC6HF4) compound). 
It is not clear why this shift occurs, but one can infer the reasons being the inductive 
effect of the strong electron withdrawing F atoms (×8) on the phenyl ring as well as 
steric hindrance to co-planarity of the aryl group with the porphyrin plane (vide infra). 
Blue shifts have been observed in the free base porphyrin compounds T(o-CH3)PPH2 
and T(o-CH2CH3)PPH2, and have been attributed to direct steric interaction between the 
ortho-substituents and the porphyrin ring which tend to distort the porphyrin 
macrocycle.42 Note that in (TpivPP)Fe(OSiMe3), (TpivPP)Fe(OCH2SiMe3), 
(TpivPP)Fe(OC6HF4) and (TPP)Fe(OCH2SiMe3) where the porphyrins may have 
comparable electronic properties and less steric hindrance in the vicinity of the axial 
ligands, their Soret bands were observed at 415 nm (Figure 3.1). 
 
 
Figure 3.1. UV-vis spectra of (a) (por)Fe(O-aryl): (i) (OEP)Fe(OC6HF4), (ii) 
(TPP)Fe(OC6HF4), (iii) (TF8PP)Fe(OC6HF4); and (b) por)Fe(O-alkyl): (i) 
(TpivPP)Fe(OSiMe3), (ii) (TpivPP)Fe(OCH2SiMe3), (iii) (TPP)Fe(OCH2SiMe3), in 
CH2Cl2. 
 
Furthermore, the 407 nm Soret band observed in the UV-vis spectrum of the 





and the difference may be attributed to the different electronic properties of the axial 
ligand; C6HF4O
− being a better σ-donor than chloride. Even more striking is the 
difference in the location of the Q-bands in these complexes. In the compound 
(TF8PP)Fe(OC6HF4) the Q bands were observed at lower wavelengths (560 nm), but at 
relatively higher wavelengths in (TPP)Fe(OC6HF4) (574 nm) and (TpivPP)Fe(OC6HF4) 
(573 nm) probably due to similar reason discussed above. In general, the maximum 
absorbances of the wavelengths in the UV spectra are less than 1. In addition, the UV-
vis spectra of the (por)Fe(OR) compounds are consistent with other ferric (por)FeX 
(and not ferrous) systems in literature and they support that they are essentially high-
spin species. 
 Diffraction quality single crystals of some of the five-coordinate complexes 
were obtained and subjected to X-ray crystallographic studies. Molecular structures of 
the aryloxide complexes (TPP)Fe(OC6HF4), (OEP)Fe(OC6HF4), (OETPP)Fe(OC6HF4), 
(TF8PP)Fe(OC6HF4) and (TTP)Fe(OC6H4-p-F) are shown in Figure 3.2, Figure 3.3, 























(b)     (c) 
  
Figure 3.2 (a) Molecular structure of (TPP)Fe(OC6HF4). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial C6HF4O 
ligand relative to the porphyrin, with view along the O(1)−Fe(1) bond. (c) Perpendicular 
atom displacements (in Å × 100) of the porphyrin core from the 24-atom mean planes 
of the porphyrin of (TPP)Fe(OC6HF4).  
 
 
Table 3.3. The (por)Fe(O-aryl) complexes characterized by X-ray crystallography. 
Compound Figure Number 
(TPP)Fe(OC6HF4) Figure 3.2 
(OEP)Fe(OC6HF4) Figure 3.3 
(OETPP)Fe(OC6HF4) Figure 3.4 
(TF8PP)Fe(OC6HF4) Figure 3.5 











(b)     (c) 
 
                                   
Figure 3.3. (a) Molecular structure of (OEP)Fe(OC6HF4). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial C6HF4O 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 














(c)    (d) 
 
Figure 3.4. (a) Molecular structure of (OETPP)Fe(OC6HF4) and (b) molecular structure 
showing the saddled nature of the porphyrin macrocycle. Hydrogen atoms and 
disordered components have been omitted for clarity. (c) View of the axial C6HF4O 
ligand relative to the the porphyrin, with view along the O1(B)−Fe1(B) bond. (d) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 












                                       
Figure 3.5. (a) Molecular structure of (TF8PP)Fe(OC6HF4). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial C6HF4O 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 







                           
(b) 
                                       
(c) 
                                     
Figure 3.6. (a) Molecular structure of (TTP)Fe(OC6H4-p-F). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial p-F-C6H4O 
ligand relative to the the porphyrin, with view along the O(1)−Fe(2) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 





Scheidt has provided a “nomenclature” for describing porphyrin plane 
distortions. He used idealized depictions of the out-of-plane core distortions to describe 
the plane of porphyrins and metalloporphyrin. The depictions are shown in Figure 3.7 
where the filled and open circles represent atoms with displacement on opposite sides of 
the porphyrin mean plane.46 The types of distortions are saddle (sad), wave (wav), 
ruffled (ruf) and domed-shape (dom) (Figure 3.7), and these terminologies have been 
used to describe the porphyrin core in this work. 
 
 
Figure 3.7. Idealized depictions of the out-of-plane core distortions that are found in 
porphyrin and metalloporphyrin species. Adapted from ref. 46 
 
The porphyrin planes of the meso-tetraaryl-substituted porphyrin complex 
(TPP)Fe(OC6HF4) (Fig. 3.2c) are severely distorted and they compared with that 
already reported for (T(p-OMe)PP)Fe(OC6HF4).




plane in the compound (TPP)Fe(OC6HF4) (Fig. 3.2c) appears to be saddled in shape, the 
porphyrin plane in the related (OEP)Fe(OC6HF4) is relatively planar (Fig. 3.3c), and the 
porphyrin plane in (TF8PP)Fe(OC6HF4) (Fig.3.5c) is only slightly distorted. Similarly, 
the porphyrin macrocycle in (TTP)Fe(OC6H4-p-F) is saddled (Fig. 3.6c). The 
deformation of the porphyrin macrocyle often results in shortening of the Fe−N(por), 
and thus, the larger Fe displacement from the 24-mean porphyrin atom plane (ΔporFe) 
and concomitant destabilization of the ( 	orbitals.48,49 Consequently, these factors 
contribute in determining the spin state of the complexes. For instance, severe 
deformation of the porphyrin macrocycle in the compound (TPP)Fe(OC6HF4) may be 
responsible for its admixed spin-state properties (μeff = 5.34 BM) in solution. 
Selected bond lengths and bond angles for the crystal structures are listed in 
Table 3.4 The Fe−O bond lengths in the aryloxide complexes characterized in this study 
lie in the 1.8 -1.9 Å range, with the Fe−N(por) lengths of ~2 Å being typical of high-
























Table 3.4. Selected bond distances (Å), bond angles (°), and displacement of Fe above 
porphyrin plane, (ΔporFe and ΔNFe (Å)) 
Compound Fe−N Fe−O FeO−C or 
FeO−Si 















1.883(2) 1.321(3) 130.46(17) 0.364 47 
(OEP)Fe(OC6HF4) 2.0553(15)-
2.0597(15) 


























1.930(1)  123.87(12) 0.40 51 
(OEP)Fe(OCH3) 2.0706(12)-
2.0734(12) 






1.843(2) 1.415(5) 125.3(3) 0.53 52 
(TF8PP)Fe(OCH3) 2.051(4)-
2.131(4) 
1.788(5) 1.409(10) 128.3(5) (0.485) 53 
(PPIXDME)Fe(OCH3) 2.072(6)-
2.074(6) 
1.842(4) 1.367 125.9 0.49 54 
(TPP)Fe(OCH2SiMe3) 2.025(4)-
2.150(4) 
























Importantly, the shortest Fe−O bond distance of 1.819(5) Å was observed in the 
compound containing the most electron-poor porphyrin moiety (i.e., 
(TF8PP)Fe(OC6HF4)), and the longest Fe−O bond distances were observed in the most 
electron-rich porphyrins (por)Fe(OC6HF4) (por = OETPP (1.9253(17) Å), OEP 
(1.9053(13) Å) probably due to the cis-effect on the Fe−O interaction.11,55,56 In addition, 




(TTP)Fe(OC6H4-p-F), 122.97(11)° for (OEP)Fe(OC6HF4), 127.90(19)° for 
(TPP)Fe(OC6HF4), 131.7(2) Å for (TF8PP)Fe(OC6HF4) and 138.89(14)° for 
(OETPP)Fe(OC6HF4) (Table 3.4). The Fe−O−C bond angles appear to increase with 
increasing distortion in the porphyrin plane, which is necessary in order for the 
porphyrin macrocycle to minimize direct contact with the axial ligand atoms. The 
consequence of this is lengthening of the Fe−O bond as in the case of the compound 
(OEP)Fe(O-2,4,6-(NO2)3C6H2) (1.930(1) Å).
51 Consistent with this view is in the most 
severely distorted compound, i.e. the ruffled (OETPP)Fe(OC6HF4) compound (Fig. 
3.4d), has a Fe−O bond length of 1.9253(17) Å which is comparable to that of 
compound (OEP)Fe(O-2,4,6-(NO2)3C6H2) (1.930(1) Å). Furthermore, the ∠FeOC of 
138.89(16)° in (OETPP)Fe(OC6HF4) is the largest of the (por)Fe(O-aryl) complexes 
probably due to the extra distortion observed in the complex. The molecular structures 
of the “aliphatic alkoxides” (Table 3.5) are shown in Fig. 3.8, Fig. 3.9, Fig. 3.10, Fig. 
3.11 and Fig. 3.12 for (TPP)Fe(OCH2SiMe3), (TPP)Fe(OSiMe3), (OEP)Fe(OSiMe3), 
(TpivPP)Fe(OSiMe3) and (OEP)Fe(OMe), respectively.  
 
Table 3.5. The (por)Fe(O-alkoxide) complexes characterized by X-ray crystallography. 
Compound Figure Number 
(TPP)Fe(OCH2SiMe3) Figure 3.8 
(TPP)Fe(OSiMe3) Figure 3.9 
(OEP)Fe(OSiMe3) Figure 3.10 
(TpivPP)Fe(OSiMe3) Figure 3.11 










   (b) 
 
   (c) 
 
Figure 3.8. (a) Molecular structure of (TPP)Fe(OCH2SiMe3). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial Me3SiCH2O 
ligand relative to the the porphyrin, with view along the O1(C)−Fe1(C) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 






   (a) 
           
   (b) 
                                                
   (c) 
                                                
Figure 3.9. (a) Molecular structure of (TPP)Fe(OSiMe3). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial Me3SiO 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 






   (a) 
 
   (b) 
                                             
   (c) 
                                           
Figure 3.10. (a) Molecular structure of (OEP)Fe(OSiMe3). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial Me3SiO 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 












Figure 3.11. (a) Molecular structure of (TpivPP)Fe(OSiMe3). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial Me3SiO 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 












Figure 3.12. (a) Molecular structure of (OEP)Fe(OMe). Hydrogen atoms and 
disordered components have been omitted for clarity. (b) View of the axial Me3SiO 
ligand relative to the the porphyrin, with view along the O(1)−Fe(1) bond. (c) 
Perpendicular atom displacements (in Å × 100) of the porphyrin core from the 24-atom 





The porphyrin plane in the compounds (TPP)Fe(OCH2SiMe3) (Fig. 3.8c) and 
(TPP)Fe(OSiMe3) (Fig. 3.9c) are ruffled with the plane in the latter being the most 
distorted among the (por)Fe(O-aliphatic) compounds, which is necessary to avoid the 
steric interaction between the more bulky Me3SiO group and the porphyrin macrocycle. 
In fact, the porphyrin atoms around N2 and N3 in (TPP)Fe(OSiMe3) are pushed further 
away from the vicinity of the axial trimethylsilyoxide ligand, thus severely deforming 
the porphyrin macrocycle (Fig. 3.9). This phenomenon was also observed in the 
compounds (OEP)Fe(OSiMe3) (Fig. 3.10) and (TpivPP)Fe(OSiMe3) (Fig. 3.11), although 
in the former the distortion is less severe probably because of the absence of the 
porphyrin meso-substituents. Note that, by replacing the axial ligand Me3SiO in 
(TPP)Fe(OSiMe3) with Me3SiCH2O to form (TPP)Fe(OCH2SiMe3) (i.e controlling 
sterics), the porphyrin macrocycle becomes less deformed as shown in Fig. 3.8. 
The (por)Fe(O-aliphatic) compounds similarly have Fe−N(por) bond lengths of 
~2 Å, but have relatively shorter Fe−O bond (~1.8 Å) than those of the aryloxide 
complexes (Table 3.4). For example, whereas (TPP)Fe(OC6HF4) has Fe−N(por) bond 
lengths of 2.055(3) – 2.066(3) Å and an Fe−O bond length of 1.886(2) Å, the related 
(TPP)Fe(OCH2SiMe3) compound has Fe−N bond lengths of 2.025(4) – 2.150(4) Å and 
an Fe−O distance of 1.814(6) Å. However, the Fe−O−Si bond angles are relatively 
larger than those of the aliphatic and aromatic complexes, probably due to the larger 
size of Si (1.1 Å; cf C = 0.7 Å).57 For instance, (TPP)Fe(OSiMe3) has ∠FeOSi of 
148.20(11)° and (TpivPP)Fe(OSiMe3) has ∠FeOSi of 144.0(3)°, but (TPP)Fe(OC6HF4) 
has ∠FeOC = 127.090(19)°. The ∠FeOC in (TPP)Fe(OCH2SiMe3) (132.4(5)°) is 




obtained in this work. Notice that in the picket-fence porphyrin complex 
(TpivPP)Fe(OSiMe3) (Fig. 3.11) the axial trimethylsilyloxide ligand is opposite the 
“protected side” of the porphyrin. This is relevant for the reversible binding of small 
molecules in the pocket.15,58 
Worthy of mention in the crystal structures of these compounds are the out of 
plane perpendicular iron atom displacements above the 24-atom mean porphyrin planes 
(ΔporFe) (Table 3.4, column 6). The ΔporFe values obtained from the crystal structures 
are >0.3 Å consistent with the complexes being mainly high-spin species as solids,7 thus 
paralleling the μeff values in solution. For the same porphyrin macrocycle, the 
trimethylsilyloxide complexes gave the largest ΔporFe. In the complex 
(TPP)Fe(OC6HF4), for example, a ΔporFe of 0.40 Å was obtained, whereas in 
(TPP)Fe(OSiMe3) a larger ΔporFe of 0.49 Å was obtained. These ΔporFe values are in 
congruence with those obtained for the related (TPP)Fe(SSi iPr3) (0.56 Å) and 
(TMP)Fe(SSi iPr3) (0.64 Å) compounds and the large ΔporFe values in the complexes 
(por)Fe(OSiMe3) and (por)Fe(SSi
iPr3) most likely a consequence of the steric 
interaction between the silyloxide (or silanethiolate) ligand and the meso substituents of 
the porphyrin.59 Notice that a lower ΔporFe value of 0.46 Å was obtained in 
(TPP)Fe(OCH2SiMe3) compound due to less steric encumbrance introduced by the 
methylene group between the oxygen and SiMe3 in the axial OCH2SiMe3 ligand. 
However, in (OEP)Fe(OMe) a ΔporFe of 0.51 (cf. 0.53 Å already reported
52) was 
obtained, and in (TpivPP)Fe(OSiMe3), ΔporFe was found to be 0.60 Å. Thus, it appears 
that electronics may also be involved in the difference in the ΔporFe values. A similar 




mean planes ΔNFe, and for (OETPP)Fe(OC6HF4) which is ruffled in shape, for which 
the ΔNFe displacement is 0.48 Å. 
 Some intermolecular features are worthy of note. Values between 3.5 and 5.3 Å 
were obtained for the distances between the two closest porphyrin (Δmp) macrocycles. 
Also, the lateral displacement (ΔLD) of one porphyrin macrocycle from another was 
calculated for some of the compounds and values range from 3.5 to 11.1 Å (Table 3.6). 
 
Table 3.6. Intermolecular features of some of the (por)Fe(OR) complexes. 
Compound Figures Δmp (Å) Lateral displ. (Å)  
(OEP)Fe(OCH3) Fig. 3.13 3.5 3.4 
(TF8PP)Fe(OC6HF4) Fig. 3.14 5.3 8.4 
(TPP)Fe(OCH2SiMe3) Fig. 3.15 4.9 11.1 
(TPP)Fe(OC6HF4) Fig. 3.16 4.2 3.5 
(OEP)Fe(OC6HF4) Fig. 3.17 4.9 7.4 
(TPP)Fe(OSiMe3) Fig. 3.18 3.8 7.4 
(OEP)Fe(OSiMe3) Fig. 3.19 5.0 9.4 
 
Both the Δmp and the ΔLD values are predicted to play a role in our attempt at 
heterogeneous NO crystal soaking reactions to produce the six-coordinate 
(por)Fe(NO)(OR) compounds12 (vide infra). Note that the smallest Δmp = 3.5 Å was 
observed in (OEP)Fe(OMe) (Fig. 3.13), and (TF8PP)Fe(OC6HF4) gave the largest Δmp 
of 5.3 Å (Fig. 3.14). Furthermore, the largest lateral neighboring porphyrin 
displacement of 11.1 Å was observed in the compound (TPP)Fe(OCH2SiMe3) (Fig. 
3.15) and smallest lateral porphyrin displacement of 3.4 Å was observed in 







Figure 3.13. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 








          
Figure 3.14. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 








Figure 3.15. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 
molecules of (TPP)Fe(OCH2SiMe3) in a unit cell.Axial ligands in the figure on the 





The molecular structures showing the intermolecular features of the other 
complexes as listed in Table 3.6 are shown below and they follow the order below of 




Figure 3.16. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 
molecules of (TPP)Fe(OC6HF4) in a unit cell. Axial ligands in the bottom figure have 








Figure 3.17. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 
molecules of (OEP)Fe(OC6HF4) in a unit cell. Axial ligands in the bottom figure have 





                   
Figure 3.18. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 
molecules of (TPP)Fe(OSiMe3) in a unit cell. Axial ligands in the bottom figure have 









                     
Figure 3.19. (Top) Side view and (Bottom) top view of two neighbouring porphyrin 
molecules of (OEP)Fe(OSiMe3) in a unit cell. Axial ligands in the bottom figure have 





The relative orientation of the neighboring molecules of (TTP)Fe(OC6H4-p-F) in a unit 
cell as shown in Fig. 3.20. 
 
Figure 3.20. Side view of two neighbouring porphyrin molecules of (TTP)Fe(OC6H4-p-
F) in a unit cell. 
 
 
3.3.2 Electrochemistry of the (por)Fe(OR) complexes 
3.3.2.1 Cyclic Voltammetry (CV) 
The electrochemistry of the compounds (T(p-OMe)PP)Fe(OR) (R = C6H5, C6H4-
p-NO2) have previously been studied in our laboratory by Adam Warhausen. He 
performed CV experiments on the compounds and observed two reversible oxidations 
in the compound (T(p-OMe)PP)Fe(OC6H5) at E°' = 0.47 V and 0.90 V (vs. Fc/Fc
+).60 In 
(T(p-OMe)PP)Fe(OC6H4-p-NO2), in addition to two reversible oxidations at 0.53 V and 
0.95 V, he observed a reversible reduction at −0.89 V in the CV.60 Richard and 
coworkers have previously studied the redox behavior of other five-coordinate 
compounds (TTP)Fe(OR) (R = alkyl, aryl, acyl) by CV and observed that the E°' for the 
Fe(III)  Fe(II) reduction increased linearly with the pKa of the axial RO




pKa range of 0.7-10.
61 I examined whether the redox potentials of the compounds 
(por)Fe(OC6HF4) (por = OEP, T(p-OMe)PP) would be affected by changing the 
porphyrin macrocycle. Indeed, the CV experiment shows that the compound (T(p-
OMe)PP)Fe(OC6HF4) (Figure 3.21a) undergoes two reversible oxidations at relatively 
higher potentials, E°' = 0.55 V (ΔEp = 0.19 V) and E°' = 0.96 V (ipc/ipa ~1, ΔEp = 0.27 
V) and their ΔEps are in good agreement with the ΔEp = 0.22 V obtained for the Fc/Fc
+ 






Figure 3.21. Cyclic voltammograms of (T(p-OMe)PP)Fe(OC6HF4) (a) and 
(OEP)Fe(OC6HF4) (b) at 200 mV/s, 1mM analyte, 0.1 M NBu4PF6 at room temperature. 
Potentials are referenced to Fc/Fc+ set to 0.00 V. 
 
The cathodic-to-anodic peak (ipc/ipa) ratio at 200 mVs
-1 for the first and second 




oxidations each are chemically reversible one electron transfer processes as shown in 
Eq. 3.4. 
 
(por)Fe(OC6HF4)    [(por)Fe(OC6HF4)]
+  +  e−      (3.4) 
(por = T(p-OMe)PP, OEP) 
 
Plots of the ipa values versus the corresponding (scan rate)
1/2 over the 0.05 V to 
1.5 V range are linear indicating diffusion-controlled processes for both the first and 
second oxidations. In addition, (T(p-OMe)PP)Fe(OC6HF4) undergoes a chemically 
reversible one-electron reduction at E°' = −0.95 V (ipa/ipc ~1, ΔEp = 0.17 V) and a less-
defined second reduction at −1.82 V. The first and second oxidation potentials of (T(p-
OMe)PP)Fe(OC6HF4) are higher than those of (T(p-OMe)PP)Fe(OC6H4-p-NO2), 
correlating with the fact that C6HF4O
− (pKa of C6HF4OH = 5.53)
64 is overall a weaker 
σ-donor than  p-NO2-C6H4O
− (pKa of p-NO2-C6H4OH = 7.15).
65 The compound 
(OEP)Fe(OC6HF4) similarly undergoes two reversible oxidations at E°' = 0.52 V (ipa/ipc 
0.9, ΔEp = 0.20 V) and E°' = 1.09 V (ipa/ipc 0.8, ΔEp = 0.26 V) (cf. ΔEp = 0.19 V for 
Fc/Fc+), and an irreversible reduction at Epc = −1.18 V. Furthermore, the second 
oxidation potentials in the (T(p-OMe)PP)Fe(OC6HF4) and (OEP)Fe(OC6HF4) are ~ 400 
mV more positive than their corresponding first oxidations, a phenomenon typical of 
the CVs of non-oxo iron porphyrin complexes.66  
I also wanted to study the redox behavior of the five-coordinate (por)Fe(OR) 
complex, where OR is a more electron-rich σ-donor ligand. Complexes bearing the 
axial ligands Me3Si(CH2)nO (n = 0, 1) were used, partly because there is limited 




because of the structural differences (X-ray crystallography) obtained for these 
compounds which I anticipated may play a role in its reaction with NO to yield the six-
coordinate (por)Fe(NO)(OR) derivatives (vide infra). Thus, I selected the two 
complexes (TpivPP)Fe(OSiMe3) and (TpivPP)Fe(OCH2SiMe3) for study.  
 The cyclic voltammograms of the complexes (TpivPP)Fe(OSiMe3) and 






Figure 3.22. Cyclic voltammogram of (a) (TpivPP)Fe(OSiMe3) and (b) 
(TpivPP)Fe(OCH2SiMe3) in CH2Cl2 at 200 mV/s. Conditions: 1mM analyte, 0.1 M 
NBu4PF6, room temperature. Insert: scanning in the negative direction showing the 
reversibility and partial reversibility, respectively, after first reduction. Potentials are 
referenced to Fc/Fc+ set to 0.00 V. 
 
The compound (TpivPP)Fe(OSiMe3) undergoes an irreversible oxidation at Epa = 
+0.87 V, a reversible reduction at E°' = −1.17 V (ipc/ipa ~1, ΔEp = 0.20; cf. ΔEp = 0.17 V 




reduction of (TpivPP)Fe(OSiMe3) is reversible only when the CV is scanned from 0.00 
V (vs. Ag/AgCl) in the negative (reduction) direction (insert in Fig. 3.22a). 
The CV of (TpivPP)Fe(OCH2SiMe3) (Fig. 3.22b), reveals an unexplainable pre-
wave at Epa = 0.61 V and an irreversible oxidation at Epa = +0.91 V. In addition, one 
partially reversible reduction (scanning in negative direction from 0.00 V; see insert of 
Fig. 3.22b) was observed at Epc = −1.03 V and an irreversible reduction was observed at 
Epc = −2.21 V. The redox potentials determined for the (por)Fe(OR) complexes by CV 
are listed in Table 3.7. 
 
Table 3.7. Redox potential (in V) of the (por)Fe(OR) compounds in CH2Cl2. 
 E°' (V) 
Compound 1st Ox. 2nd Ox. 1st Red. 2nd Red. 
(T(p-OMe)PP)Fe(OC6HF4) 0.55 0.96 −0.95 −1.82 
(T(p-OMe)PP)Fe(OC6H5)
a 0.47a 0.90a   
(T(p-OMe)PP)Fe(OC6H4-p-NO2)
a 0.53a 0.95a −0.89a  
(OEP)Fe(OC6HF4) 0.52 1.09 −1.18*  
(TpivPP)Fe(OSiMe3) 0.87*  −1.17 −2.30* 
(TpivPP)Fe(OCH2SiMe3) 0.91*  −1.03* −2.21 
Potentials are in volts, and are referenced to the Fc/Fc+ couple set at 0.00V. Analytes are 1mM analyte, 
0.1 M NBu4PF6 at room temperature and scan rate of 200 mV/s. 
a Obtained from ref. 60 *These Epa and 
Epc values are due to irreversibility. 
 
 The CVs of the related four-coordinate (TpivPP)Zn and (TpivPP)Cu compounds 
revealed similar irreversible first oxidations at 1.00 and 1.28 V (vs. SCE), 
respectively.67 Further, each of these compounds displayed reversible first reductions at 
−1.06 V ((TpivPP)Zn) and −1.59 V ((TpivPP)Cu). Both the first oxidations and the first 
reductions were attributed to porphyrin-centered electron transfer processes. Their 




(TpivPP)Cu (Epc = −1.59 V) and were attributed to an irreversible process from a 
chemical reaction of the dianion with the solvent (CH2Cl2).
67 
 
3.3.2.2 Infrared Spectroelectrochemistry 
In order to spectroscopically characterize the redox products generated at the 
electrode surfaces in the CV experiments, I employed IR spectroelectrochemistry 
similar to that described in Chapter 2. The IR spectroelectrochemical experiments were 
performed on compounds (TpivPP)Fe(OSiMe3) and (TpivPP)Fe(OCH2SiMe3). The first 
oxidation of (TpivPP)Fe(OSiMe3) held at a potential, Epa = +0.88 V led to the 
disappearance of the νCO band due to the t-butylamido group at 1688 cm
-1 and the 
appearance of a new IR band at 1651 cm-1 in the difference IR spectrum (Fig. 3.23).  
 
Figure 3.23. (a) FTIR spectrum (in CH2Cl2) of (TpivPP)Fe(OSiMe3). Difference FTIR 




The latter νCO band corresponds to a downward shift (− 37 cm
-1) from that of the 
neutral starting compound suggesting a porphyrin-centered oxidation. Note that the 
bands at ~1580 cm-1 and ~1520 cm-1 are also due to t-butylamido group vibrations and 
they were found to disappear during oxidations. The first oxidation product can be 
formulated as [(TpivPP
·+)Fe(OSiMe3)] (Eq. 3.5a). 
 
(TpivPP)Fe(OSiMe3)   [(TpivPP
·+)Fe(OSiMe3)]  +  e
−   (3.5a) 
 
The difference IR spectrum of the product after first oxidation of 
(TpivPP)Fe(OCH2SiMe3) (Fig. 3.24b) when the potential was held at Epa = 1.01 V has 
νCO bands downshifted by (~ −32 cm
-1) from that of the neutral starting compound, and 
may also be assigned to porphyrin-centered oxidations (Eq. 3.5b). 
 
(TpivPP)Fe(OCH2SiMe3)    [(TpivPP








Figure 3.24. (a) FTIR spectrum (in CH2Cl2) of (TpivPP)Fe(OCH2SiMe3). Difference 
FTIR spectra (in CH2Cl2) of (TpivPP)Fe(OCH2SiMe3) after (b) 1
st oxidation; (c)1st 
reduction; (d) 2nd reduction. 
 
 
The reduction of (TpivPP)Fe(OSiMe3) at a potential Epc = −1.28 V yielded a product 
with a downward νCO band shift (−18 cm
-1) from the initial 1691 cm-1 band to 1673 cm-1 
(Fig. 3.23c). Note that the “negative” IR band of the starting compound was observed at 




band. This small νCO shift was initially ignored considering the IR instrument has a 
resolution of 4 cm-1. This shift, however, was reproducible and it was not observed 
during oxidations. Furthermore, a similar shift was observed in the first oxidation and 
reduction products of the related (TpivPP)Fe(OCH2SiMe3) compound (vide infra). Based 
on this result alone, three hypotheses were made: 
(1) During reduction, the axial ligand dissociates, leading to the (TpivPP)Fe complex 
(Eq. 3.6). 
(TpivPP)Fe(O(CH2)nSiMe3)  +  e
−    (TpivPP)Fe  +  Me3Si(CH2)nO
−  (3.6) 
 
(2) Reduction leads to a change in spin state of the complex via Charge Transfer-
Induced Spin-Transitions (CTIST).68-70 
(3) Conformational change of the porphyrin macrocycle due to change in the 
electronics of the porphyrin macrocycle after first oxidation and after reduction. 
 
The first hypothesis, at first consideration, seems plausible considering that a similar 
shift in the νCO (ΔνCO = 18 cm
-1) was observed in both (TpivPP)Fe(OSiMe3) and 
(TpivPP)Fe(OCH2SiMe3) compounds after reduction. The bands due to the dissociated 
Me3(CH2)nSiO axial ligands were not detected. Thus, it is possible that these bands may 
have shifted to lower wavenumbers in the undetectable regions (< 1500 cm-1) of our IR 
spectroelectrochemical configuration.62,63 However, this hypothesis does not explain 
why both oxidation and reduction lead to downward shifts of the νCO bands and why the 




Oxidations are usually responsible for upward shifts of the IR bands due to increase in 
positive charge. 
The second hypothesis, viz, change in spin state of the redox products is also 
probable. This is evidenced by the fact that both the reduced and oxidized products 
unexpectedly have wavenumbers shifted to lower frequencies. Doctorovich and Kaim 
have studied the IR spectroelectrochemical behavior of (TFPPBr8)Fe(NO) (νNO = 1715 
cm-1) and have found the complexes to undergo a first reversible reduction to a product 
which has a downward shifted νNO band of 1550 cm
-1.71,72 The compound 
(TFPPBr8)Fe(NO) was also found to undergo a second reversible reduction, which, 
surprisingly, yielded a product with a higher νNO band than the starting complex and 
they characterized the redox product as a high-spin species. Their experimental results 
were confirmed by DFT calculations and the authors attributed these surprising νNO 
shifts to changes in spin states.72 I speculate that the (TpivPP)Fe(OSiMe3) and 
(TpivPP)Fe(OCH2SiMe3) compounds used in this study similarly undergo changes in 
spin state during reduction. Note that during the first reduction of 
(TpivPP)Fe(OCH2SiMe3) the difference IR spectrum shows a positive shift of νCO from 
1691 cm-1 to 1713 cm-1, as well as a negative shift to 1672 cm-1 (Fig. 3.24c). During the 
second reduction, however, only the downward shift band (1673 cm-1) was observed 
(Fig. 3.24d). 
The third hypothesis which is merely due to conformational change is the most 
probable. It has been known for decades that the phenyl group in a diacid 
tetraphenylporphyrin makes a dihedral angle of 21° (cf. 70° in the neutral TPPH2) with 




porphyrin π system 73 so there can be delocalization of the charge. For example, the 
crystal structure of radical cation (TPP+·)FeCl shows a saddled-shaped porphyrin 
macrocycle and it exhibits strong antiferromagnetic coupling between the S =5/2 iron 
and the S = 1/2 porphyrin radical, an indication of non-planarity. However, unlike TPP, 
“picket-fenced” porphyrins are more rigid due to the presence of the bulky pivalamido 
groups at the ortho positions. Addition of an extra electron (reduction) to, or removal of 
an electron (oxidation) from the 18π aromatic porphyrin macrocycle yields an 
antiaromatic system, thus, destabilizing it. To stabilize the antiaromatic system in the 
TpivPP the system, the porphyrin undergoes a conformational change to allow 
delocalization of the charge. I speculate that the complex (TpivPP)Fe(OSiMe3) similarly 
undergoes conformational change during oxidation and reduction to generate species 
with lower νCO. As already discussed, conformational change in porphyrin macrocycle 
affects the spin state, and as such the second and third hypothesis could be related.  
 The in situ chemical reduction of the (TpivPP)Fe(OSiMe3) to 
[(TpivPP)Fe(OSiMe3)]Cp2Co was performed using cobaltocene. In this experiment, I 
treated a CD2Cl2 solution of (TpivPP)Fe(OSiMe3) in an NMR tube with 1.1 eq of Cp2Co 
and detected a singlet at 3.9 ppm in the 1HNMR spectrum. This signal was assigned to 
Cp2Co
+ generated after the reduction and is 1 ppm lower than that detected in the 1H 
NMR spectrum of the [(TFPPBr8)Fe(NO)]Cp2Co adduct generated after Cp2Co 
reduction of (TFPPBr8)Fe(NO).
72 
The UV-vis spectrum of the reduced compound [(TpivPP)Fe(OSiMe3)]Cp2Co 
shows a decrease in the band at 415 nm giving rise to a new Soret band 443 nm (Fig. 




chlorobenzene) of some reduced picket-fenced porphyrins including those of 
[(TpivPP)Fe(OR)]
− (R = Me, C(=O)CH3, C6H5) in which the Soret bands shifted to ~ 450 
nm.74  
 




3.3.3 Reactivity Studies of the (por)Fe(OR) compounds with NO 
The (por)Fe(OR) compounds were found to be reactive with nitric oxide. In 
CH2Cl2, all the five coordinate (por)Fe(OR) compounds react with nitric oxide to form 
one or more of the three compounds: (por)Fe(NO), (por)Fe(NO)(OR) and 
(por)Fe(NO)(NO2)
75 (Eq. 3.7) (Table 3.8). 
 
(por)Fe(OR) + NO  (por)Fe(NO) and/or  (por)Fe(NO)(OR) and/ or 








Table. 3.8. IR νNO (cm
-1) data of some six-coordinate (por)Fe(NO)(OR) complexes 
produced by reacting the five-coordinate (por)Fe(OR) compound (both as solid and in 
CH2Cl2 solution) with NO. 
Five-coordinate precursor IR νNO (cm
-1) 
 KBra CH2Cl2 
(TpivPP)Fe(OSiMe3) 1880 1893 
(TpivPP)Fe(OCH2SiMe3) 1881 1893 
(TpivPP)Fe(OC6HF4) 1884  
(TpivPP)Fe(OC6H4-p-NO2) 1883 1896 
(TpivPP)Fe(OCH2CF3) 1882  
(TpivPP)Fe(OC6H5) 1886  
(TPP)Fe(OC6HF4)
 b 1880, 1870 sh  
(T(p-OMe)PP)Fe(OC6HF4) ND 1888 
(OEP)Fe(OCH2SiMe3)
b 1876, 1858 1889, 1883 
(OEP)Fe(OSiMe3)
 b 1880, 1862  
(OEP)Fe(OC6HF4) ND 1849, 1890 
a reaction in solid form. ND = not detected. b linkage isomers 
 
In a typical reaction, the (por)Fe(OR) complex is dissolved in anhydrous 
dichloromethane under N2 atmosphere, and ~3× excess NO(g) is slowly bubbled 
through via an air-tight Hamilton syringe. On standing at room temperature for about 10 
minutes, the (por)Fe(NO)(OR) in CH2Cl2 decomposes to (por)Fe(NO) based on the 
solution IR spectrum. 
Furthermore, powdered samples of the (por)Fe(O-alkyl) complexes react with 
NO to give a mixture of (por)Fe(NO)(O-alkyl), and (por)Fe(NO) complexes. For 
example, in the reaction of (OEP)Fe(OCH2SiMe3) with NO, three νNO bands were 
observed at 1667, 1858 and 1876 cm-1 in the IR (KBr) spectrum and these species have 






Figure 3.26. IR (KBr) spectrum of the product mixture obtained from the reaction of 
solid samples of (OEP)Fe(OCH2SiMe3) with NO(g) at room temperature. These bands 
are assigned to (OEP)Fe(NO)(OCH2SiMe3) (νNO = 1859 and 1876 cm
-1) and 
(OEP)Fe(NO) (νNO = 1667 cm
-1).76 
 
The large intensity band at 1667 cm-1 is due to the five-coordinate (OEP)Fe(NO) 
complex.76 The almost equal intensity bands at 1858 and 1876 cm-1 lie in the region of 
the νNO of a neutral six-coordinate iron nitrosyl porphyrin complex.
77 I note that the 
(por)Fe(NO)(NO2) complex may be formed by the reaction of (por)Fe(NO) with higher 
NOx species (e.g., as impurities in NO gas).
78,79 However, the complex 
(OEP)Fe(NO)(NO2) (νNO = 1883 cm
-1)75 was not detected in the KBr sample during the 
reaction of powdered samples of (OEP)Fe(OCH2SiMe3) and NO, implying the sixth 
axial ligand is a ligand other than a nitrite, possibly, Me3SiCH2O. Hence, the νNO band 
at 1859 and 1876 cm-1 are assigned to the νNO of (OEP)Fe(NO)(OCH2SiMe3) and the 
splitting of the νNO bands is due to solid-state effect
80 and/ or existence of linkage 
isomers; the lower νNO = 1858 cm
-1 band is assigned to a slightly bent NO-linkage and 
the 1876 cm-1 band assigned to the linear NO-linkage (see later).81 
Furthermore, the IR bands due to the Me3SiCH2O 
 ligands shifted to higher 




implying that the Me3SiH2C−O bond length became shorter, in which case NO would 
be expected to exert a positive trans influence on the axial Me3SiCH2O
− ligand. Note 
that a νNO of 1850 cm
-1 and a bent FeNO linkage (∠FeNO = 159.6 °) was observed in 
the related (OEP)Fe(NO)(S-2,6-(CF3CONH)2C6H3) complex, with an accompanying 
shift in νCO to a higher wavenumber.
82 I predict that the Fe−O bond distance in the six-
coordinate (OEP)Fe(NO)(OCH2SiMe3) compound to be longer than that in the five-
coordinate (OEP)Fe(OCH2SiMe3) compound due to the positive trans influence of NO 
on the axial ligand. 
 Similarly, powder samples of (TpivPP)Fe(OSiMe3) react with NO to produce the 
six-coordinate (TpivPP)Fe(NO)(OSiMe3) compound identified by a new band at 1882 
cm-1 due to νNO (Fig. 3.27).  
 
 
Figure 3.27. IR (KBr) spectrum of (TpivPP)Fe(NO)(OSiMe3) (solid black line; νNO = 
1882 cm-1 νSi-O = 1004 cm
-1 and νSi-C = 1254 cm
-1) overlaid against (TpivPP)Fe(OSiMe3) 
(dashed blue line; νSi-O = 956 cm






A comparison of the IR spectrum of (TpivPP)Fe(OSiMe3) with that of 
(TpivPP)Fe(NO)(OSiMe3) shows that the band due to νSi-O is shifted from 956 cm
-1 in 
the former to 1004 cm-1 in the latter representing a ΔνSi-O = 48 cm
-1. On the other hand 
the band due to δSi-Me shifted only by 8 cm
-1 from 1246 cm-1- in (TpivPP)Fe(OSiMe3) to 
1254 cm-1 in (TpivPP)Fe(NO)OSiMe3) (Fig. 3.24) The trans influence of NO on the 
axial trimethylsilyloxide ligand is responsible for the higher shift in the IR frequencies 
which predictably lengthens the Fe−O bond. 
It is interesting to note that only the meso-substituted (por)Fe(O-aryl) complexes 
in the powder form reacted with NO to give the five- or six-coordinate nitrosyl 
derivatives. Furthermore, amongst these, only (TPP)Fe(OC6HF4) and the picket-fence 
porphyrin complexes yielded the six-coordinate compound. The six-coordinate 
(TPP)Fe(NO)(OC(=O)CF3) complex was previously prepared and characterized by 
crystallography by NO soaking of a crystal samples of the five-coordinate 
(TPP)Fe(O(=O)CF3) complex.
12 Thus, there is probably an interesting feature of the 
TPP porphyrin macrocycle that allows the weak NO binding83 at the sixth coordination 
site. For example, powdered samples of (TPP)Fe(OC6HF4) reacted with NO to form 
(TPP)Fe(NO)(OC6HF4) which displays a new νNO band at 1880 cm
-1 (1870 cm-1 (sh)) in 
the IR (KBr) spectrum (cf. νNO = 1901 cm
-1 in the compound 
(TPP)Fe(NO)(OC(=O)CF3)
12). Not surprising,  higher νNO vibrations are observed in the 
complexes that have weaker σ-donor axial OR groups and vice versa for stronger σ-
donor group, similar to the related (T(p-OMe)PP)Ru(NO)(OR) (R = C6HF4, 
CF3C(=O)O) complexes (Chapter 2).
84 Note that the pKas of CF3C(=O)OH and 
C6HF4OH are 0.5




I speculated that the six-coordinate picket-fenced porphyrin complexes 
(TpivPP)Fe(NO)(OR) may be obtained by utilizing the ability of the pivalamido group in 
the picket-fence porphyrin to protect small molecules as in the case of the six-
coordinate (TpivPP)Fe(O2)(1-MeIm).
58,85 I previously obtained crystal structures of 
(TpivPP)FeCl
86 and (TpivPP)FeBr (unpublished) in which the axial halide ligands are 
coordinated to iron in the protected site of the “picket-fence” porphyrin.  
The binding capabilities of these two five-coordinate porphyrin complexes 
(TPP)Fe(OR) and (TpivPP)Fe(OR) with NO were investigated further to see if it would 
be possible to generate crystal samples of the six-coordinate complexes by NO(g) 
diffusion into single crystals of the five coordinate complexes.  
Based on previous success in the formation of crystal samples of 
(TPP)Fe(NO)(OC(=O)CF3),
12 and the reactivity of the powdered samples of the 
complex (TPP)Fe(OC6HF4) with NO to form (TPP)Fe(NO)(OC6HF4) in this work, it 
seemed that the porphyrin macrocyle TPP may be a good candidate for the NO soaking 
reactions in this work. However, several repeated attempts at producing crystal samples 
of the six-coordinate (TPP)Fe(NO)(OC6HF4) by this procedure were not successful. An 
examination of the molecular structure of (TPP)Fe(OC6HF4) (Fig. 3.16) shows 
relatively “tight” crystal packing (mean-plane porphyrin-porphyrin separation, Δmp = 
4.2 Å, and lateral shift of 3.5 Å) which probably explains their non-reactivity in the 
crystal. The complex (TPP)Fe(OSiMe3) similarly has “tight” crystal packing (mean-
plane porphyrin-porphyrin separation, Δmp = 3.8 Å, and lateral shift of 7.4 Å) (Fig. 3.18) 
and also failed to form the desired six-coordinate (TPP)Fe(NO)(OSiMe3) compound 




the related (TPP)Fe(OCH2SiMe3) complex has a Δmp and lateral shift of 4.9 Å and 11.1 
Å, respectively (Fig. 3.15) and seemed to have a favorable crystal packing but it did not 
produce the six-coordinate complex on reaction with NO. 
In one instance, crystalline samples of the complex (OEP)Fe(OCH2SiMe3) were 
obtained and then exposed to NO. The crystals instantly turned orange, but 
unfortunately with associated crystal cracking during the reaction. The IR (KBr) 
spectrum of this orange sample showed a band at 1667 cm-1 related to the νNO of the 
final five-coordinate (OEP)Fe(NO) complex. 
 To take advantage of the protecting capability of the t-butylamido group (in 
TpivPP) with small molecules
58,85 and the favorable crystal space in the five-coordinate 
(TpivPP)Fe(OSiMe3) compound (Fig. 3.28), I exposed crystal samples of the five-






Figure 3.28. Side view of the two neighboring porphyrin molecules of 
(TpivPP)Fe(OSiMe3) in a unit cell. 
 
The reaction of crystalline samples of (TpivPP)Fe(OR) with NO has not thus far 
yielded the desired (TpivPP)Fe(NO)(OR) compound, although the five-coordinate 
(TpivPP)Fe(NO) was obtained on exposure with NO at longer reaction times. It also 
appears that crystal packing alone may not be the only determining factor for solid state 
NO binding to (por)Fe(OR) to generate the six-coordinate (por)Fe(NO)(OR), but the 
electronic properties of the axial and equatorial ligands (donor- and acceptor properties) 





3.3.4 Electrochemistry of generated (TpivPP)Fe(NO)(OSiMe3) 
The nitrosyl compound (TpivPP)Fe(NO)(OSiMe3), prepared by solid-gas phase 
reaction between the five-coordinate (TpivPP)Fe(OSiMe3) and NO, was subjected to IR 
spectroelectrochemical studies. Fig. 3.29 shows the cyclic voltammogram of the 
generated (TpivPP)Fe(NO)(OSiMe3) in dichloromethane which shows an irreversible 
first oxidation at Epa = 0.56 V (vs Fc/Fc
+ couple) with a corresponding return peak at Epc 
= 0.44 V.  
 
 
Figure 3.29. The cyclic voltammogram of generated (TpivPP)Fe(NO)(OSiMe3) 
compound at 200 mV/s, 1mM analyte, 0.1 M NBu4PF6 at room temperature. Potentials 
are referenced to Fc/Fc+ set to 0.00 V. 
 
The intensity of the first oxidation wave is lower than that of the second 
oxidation probably due to the weak NO binding to ferric centers (Fig. 3.29).83 The 
electrogenerated products were unstable in solution. This made it difficult to obtain 
unambiguous IR spectra data for the redox products. The cyclic voltammogram also 
shows an irreversible second oxidation at Epa = 0.93 V and a reversible reduction at Epa 







3.4 Theoretical Consideration 
To gain insight into the electronic behavior of the (TpivPP)Fe(OSiMe3) reactions, 
electron density maps of the frontier molecular orbitals (FMO) of the model compound 
(P)Fe(OSiMe3) were calculated using density functional calculations (Gaussian 09
30 
with B3LYP/ DGDZVP). In the ground state, the electron density in the HOMO (Fig. 
3.31a) is concentrated on the porphyrin macrocycle along the four porphine nitrogen 
core and the meso-positions, with the latter positions carrying greater electron density. 
The LUMO of the model compound (P)Fe(OSiMe3) (Fig. 3.31b) shows that the addition 
of an electron would potentially be held in the plane of the porphyrin. Thus, the DFT 
supports the experimental observation that both oxidation and reduction of 
(TpivPP)Fe(OSiMe3) are porphyrin-centered redox reactions. 
 
(a)                                                                      (b) 
Figure 3.31.The FMO orbitals of (P)Fe(OSiMe3): (a) HOMO (b) LUMO 
  
Bonding parameters of the model compound (P)Fe(NO)(OSiMe3) (S = 0) were 
also obtained by DFT calculations using the same method and basis set as for the five-
coordinate (P)Fe(OSiMe3) compound. Fig. 3.32 shows the calculated structures of 





Figure 3.32. Calculated structures of the five-coordinate (P)Fe(OSiMe3) (a) and six-
coordinate (P)Fe(NO)(OSiMe3) (b) obtained by DFT calculations. The Fe−O bond 
lengthens by 0.028 Å after coordination with NO, and Fe is centered in the plane of the 
porphine macrocycle in the nitrosyl product. 
 
The Fe−N distances are 2.109-2.110 Å and 2.030-2.033 Å for the model 
compounds (P)Fe(OSiMe3) and (P)Fe(NO)(OSiMe3), respectively. The shortening of 
these bonds are accompanied by a centering of the Fe atom in the plane of the porphine 
macrocyle. Importantly, the Fe−O bond was lengthened by 0.028 Å in the six-
coordinate (P)Fe(OSiMe3) in contrast to the experimentally observed scenario for 
(TPP)Fe(OC(=O)CF3) where Fe−O bond became shorter.
12 Further, the Si−O bond 
length became shorter and this parallels the higher νSi-O (KBr) vibrational frequency 
obtained in the (por)Fe(NO)(OSiMe3) compound compared with its non-nitrosyl 
precursor. It appears, based on the DFT calculations that NO exhibits a negative trans 
effect on the Fe−O and this probably explains why the (por)Fe(NO)(OSiMe3) 








In conclusion, the complexes (por)Fe(O-aryl), (OEP)Fe(OMe) and 
(por)Fe(O(CH2)nSiMe3) complexes have been synthesized in high yields. The magnetic 
susceptibility data as obtained by Evans method shows that the complexes are mainly 
high-spin species and that distortion of the porphyrin macrocycles due to steric 
interaction with the axial ligands could influence the spin-states. X-ray crystal structures 
of the five-coordinate complexes show that the compounds are pyramidal with the axial 
O-bound ligands in the axial position. The Fe−O bond lengths are ~1.9 Å and the Fe−N 
bonds are ~2 Å. In general, the Fe−O((CH2)nSiMe3) bonds are longer than the 
Fe−O(aryl) bonds because of sterics in the former. Furthermore, the cis-influence of the 
porphyrin macrocycle is more defined in these five-coordinate complexes. 
The redox behaviors of the five-coordinate compounds were studied by CV and 
IR spectroelectrochemistry which shows porphyrin-centered oxidations in the 
(por)Fe(OR) compounds. In the (por)Fe(O-aryl) complexes two reversible oxidations 
were obtained. The compounds and (TpivPP)Fe(OSiMe3) and (TpivPP)Fe(OCH2SiMe3) 
each undergo one irreversible oxidation. The compound (T(p-OMe)PP)Fe(OC6HF4) and 
(TpivPP)Fe(OSiMe3) undergo chemically and electrochemical reversible reductions. IR 
spectroelectrochemistry data suggests that electroreduction of (TpivPP)Fe(OSiMe3) is 
accompanied by conformational change and spin-state changes resulting in shifts of the 
νCO band to lower wavenumbers. Chemical reduction using cobaltocene and 
1H NMR 






In addition, CH2Cl2 solutions of the five-coordinate (por)Fe(OR) compounds 
react with NO to form (por)Fe(NO), and/ or (por)Fe(NO)(NO2) and/ or 
(por)Fe(NO)(OR). Furthermore, some of the five coordinate (por)Fe(O-aryl) and 
(por)Fe(O-alkyl) complexes in the powdered form react with NO to form 
(por)Fe(NO)(OR) and (por)Fe(NO). A comparison of the IR data of the five-coordinate 
(por)Fe(OR) and six-coordinate (por)Fe(NO)(OR) shows the possibility of trans 
influence of NO on the axial ligand and this has been examined by DFT calculations. 
Attempts to obtain crystals of the six-coordinate (por)Fe(NO)(OR) complex have, 
however, not been successful. 
Finally, CV of the six-coordinate (TpivPP)Fe(NO)(OSiMe3) compound shows an 
irreversible first oxidation at Epa = 0.56 V with a corresponding  return peak at Epc = 
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Chapter 4: Iridium Phosphine Complexes and their reactivity 
4.1 Introduction 
The chemistry of NO is linked to that of other species that contain the NO 
fragment. A notable class of such species are the alkyl nitrites (R-O-N=O; R = alkyl).  
Some alkyl nitrites, such as amyl nitrite, are known to interact with biological heme 
proteins to either release NO or to oxidize the heme protein via as yet unknown 
mechanisms.1,2 Such RONO compounds have been used as nitrosylating agents in 
coordination chemistry.3 In the previous two chapters, I reported on the preparation and 
characterization of various group 8 metal nitrosyl alkoxides M(NO)(OR). I this chapter, 
I explored the possible formation of the other coordination isomer M{N(=O)OR} (Fig. 
4.1). Surprisingly, the latter compounds have been elusive, and thus remain of interest 
to chemists examining the broader reaction chemistry of NO. 
 
Figure 4.1. The coordination isomers of M{N(=O)OR}considered in this dissertation. 
 
The discovery of Vaska’s reagent4,5 and the report on oxidation of 
triphenylphosphine by Vaska’s reagent, first investigated by Teranishi,6 was historically 
groundbreaking in the field of iridium-catalyzed reactions. Since then, there has been a 
rising interest in the chemistry of iridium complexes, for example, in the area of organic 




well-established in the literature. For example, the dinitrosyl iridium complex 
[Ir(NO)2(PPh3)]
+reacts with CO to generate CO2 and N2O.
8 
Endogenous NO is oxidized by HbO2 to nitrate, and a mechanistic review on 
this topic and other metal-mediated NOx reactions have been reviewed previously.
9 In 
this chapter, I examine the reactivity of Ir(III) phosphine complexes with other 
molecules. The reaction of IrCl3(PPh3)2 with n-BuONO produces the compound 




4.2 Experimental Section 
General Procedures. Unless otherwise stated, all reactions and manipulations 
were performed under an atmosphere of nitrogen using standard Schlenk glassware and/ 
or in an Innovative Technology Labmaster 100 Dry Box. Solvents for reactions were 
collected under a nitrogen atmosphere from a solvent purification system (Innovative 
Technology, Inc. Newburyport, MA, PS-400-5MD) using a glass syringe. 
 
4.2.1 Chemicals 
The compound iridium(III) chloride tetrahydrate (IrCl3·3H2O) was purchased 
from Aldrich and used as received. Chloroform-d (CDCl3, 99.96 atom %D) and 
Chloroform-d2 (CD2Cl2, 99.9 atom %D) were purchased from Cambridge Isotope 
Laboratories, deaerated by a three cycle freeze-pump-thaw and dried under a 4 Å 
molecular sieves. Butyl nitrite was prepared as reported in literature.10 Ethyl nitrite (10-




and used as received. Diethyl ether was purchased from Aldrich. IrHCl2(PPh3)3 was 
prepared by a modified method in the literature (see experimental).11 
Chlorine gas was prepared as follows: CAUTION. Corrosives and oxidizing 
agents. Wear protective gloves and goggles. A flask equipped with a condenser, a 
dropping funnel and a gas delivery tube was charged with KMNO4 (~1 g). Concentrated 
HCl was delivered dropwise into the flask via the dropping pipette to generate the 
yellow-green Cl2 gas.
12 The Cl2 gas that was generated was bubbled through another 
flask containing water via the delivery tube, which was in turn bubbled through a 
concentrated solution of H2SO4 and finally delivered into the reacting vessel. 
Occasionally, it was necessary to gently heat the mixture of HCl and KMnO4 to 
generate the Cl2 gas.  
 
4.2.2 Instrumentation 
Infrared spectra were recorded on a Bio-Rad FT-155 and/or a Tensor 27 FTIR 
spectrometer. 1H NMR and 31P NMR spectra were obtained on a Varian 300 MHz 
spectrometer at room temperature and the signals referenced to the residual signal of the 
solvent employed (CHCl3 at 7.24 ppm, CH2Cl2 at 5.32 ppm). ESI mass spectra were 
obtained on a Micromass Q-TOF mass spectrometer by Dr. Steven Foster. Elemental 
analyses were obtained by the staff of Atlantic Microlab, Norcross, GA. X-ray 
diffraction data were collected by Dr. Douglas R. Powell using a diffractometer with a 





Cyclic voltammetry measurements were performed using a BAS CV 50W 
instrument (Bioanalytical Systems, West Lafayette, IN). In all the electrochemical 
experiments, a three-electrode cell was utilized and consisted of a 3.0-mm diameter Pt 
disk working electrode, a Pt wire counter electrode, and a Ag/AgCl reference electrode. 
Solutions were deaerated before use by passing a stream of N2 gas through the solution 
for a minimum of 10 min. A blanket of N2 was maintained over the solution while 
performing the experiments. The electrochemical experiments were performed in 
solutions containing 0.1 M NBu4PF6 and 1.0 mM of the analyte. 
A Bruker Vector 22 and/ or a Tensor 27 FTIR spectrometer equipped with a 
mid-IR fiber-optic dip probe and liquid nitrogen cooled MCT detector (RemSpec 
Corporation, Sturbridge, MA, USA) was used for the infrared spectroelectrochemistry.  
 
4.2.3 Syntheses of cis,mer-IrHCl2(PPh3)3 (1) 
The compound cis,mer-IrHCl2(PPh3)3 (1) was prepared by a slight modification 
of the method reported by Morris and coworkers.11 In this synthesis, a 50 mL two-neck 
round bottom flask equipped with a magnetic stir bar and a condenser was charged with 
IrCl3·3H2O (0.750 g, 2.13 mmol) and PPh3 (4.02 mg, 15.48 mmol). Isopropanol (25 
mL) was added to the flask and the mixture was refluxed under nitrogen for 36 h during 
which time the color of the solution changed from brown-green to yellow. After the 36 
h reaction time, the mixture was allowed to cool to room temperature and the solvent 
was reduced to ~4 mL under vacuum. Diethyl ether (15 mL) was added resulting in 
precipitation of the product, which was filtered from the solution to give a yellow 




residue with Et2O (two 10 mL portions) and then filtering the solid under vacuum to 
give a yellow powder of the cis, mer-IrHCl2(PPh3)3 (1) isomer (2.1 g, 94 % isolated 
yield). IR (KBr, cm-1): νIr−H = 2189 m. Also: 3057 m, 1482 s, 1434 s, 1192 m, 1160 w, 
1091 s, 1000 m, 742 s, 696 s, 523 s, 500 s, 465 w. IR (Nujol, cm-1): νIr−H = 2184 m. 
1H 
NMR (CD2Cl2, 300 MHz): δ 7.59−6.86 (m, 45H, phenyl H), −19.15 (dt, 
2J(HPA) = 13.8 
Hz, 2J(HPB) = 15.6 Hz, IrH). 
31P{1H} NMR (CD2Cl2, 121 MHz): δ −2.31 (dd, 
2J(PP) = 
12.9 Hz, 2J(PP) = 2.8 Hz, 2P, PA), −7.50 (dd, 
2J(PP) = 14.8 Hz, 2J(PP) =15.7 Hz, 1P, 
PB). 
 
4.2.4 Reactivity Studies 
4.2.4.1 Reactivity of cis,mer-IrHCl2(PPh3)3 (1) with NO 
A 50 mL Schlenk tube was charged with IrHCl2(PPh3)3 (100 mg, 0.095 mmol) 
and CH2Cl2 (10 mL) and the mixture was stirred at room temperature to give a yellow 
solution. NO was slowly bubbled through the solution for 20 min during which time the 
color of the solution changed from yellow to yellow-brown. After the 20 min reaction 
time, anhydrous ethanol (10 mL) was added and the mixture was stirred for 1 min. The 
tube and its contents were then allowed to stand for 3 days at room temperature. After 3 
days yellow microcrystalline solids were deposited on inner surfaces of the tube and the 
crystals were filtered and dried under vacuum to give the product IrCl2(NO)(PPh3)2 (2) 
(65 mg, 83% isolated yield). IR(KBr, cm-1): νNO = 1561 s, 1577(sh) m. Also: 3062 w, 
3043 w, 3023 w, 1482 m, 1436 s, 1385 w, 1263 w, 1186 w, 1163 w, 1096 s, 1073 w, 




diffraction-quality crystals of 2 were obtained by slow evaporation of a CH2Cl2/ EtOH 
(1:1) solution of the compound. 
 
4.2.4.2 Reaction of 1 with Cl2 
Chlorine gas (excess) was slowly bubbled through a benzene (25 mL) 
suspension of IrHCl2(PPh3)3 (500 mg, 0.48 mmol) in a 50 mL Schlenk tube for 5 min. 
At this point the mixture became more homogenous. The tube was then sealed under the 
Cl2 atmosphere and allowed to stand at room temperature for three days. During this 
period, the color of the solution gradually turned dark purple. After 3 days, micro-
crystalline solids were deposited on the bottom of the tube, and the solid was separated 
from the dark-purple solution by filtration. The collected product was washed with 
benzene (three 5 mL portions) and then dried under vacuum to give an orange powder 
of IrCl3(PPh3)2 (3) (152 mg, 39% isolated yield). 
1H NMR (CDCl3, 300 MHz): δ 
7.48−7.32 (m, 15H, phenyl H), 7.18−7.12 (m, 15H, phenyl H). 31P{1H} NMR (CDCl3, 
121 MHz): −27.45 (s, 2P). ESI mass spectrum (TOF): m/z 787.0818 [M−Cl]+. 
 
4.2.4.3 Reactivity of IrCl3(PPh3)2 with Alkyl Nitrites 
Reaction with butyl nitrite (n-BuONO): To a CH2Cl2 (10 mL) solution of 
IrCl3(PPh3)2 (50 mg, 0.061 mmol) at 0 °C (ice bath) was added freshly prepared n-
BuONO (0.1 mL, 0.85 mmol). The color of the solution immediately changed from 
yellow to pale-yellow. After stirring for 15 min, the ice bath was removed and the 
solution was stirred for 12 h at room temperature in the dark. After 12 h of stirring the 
solution was reduced to ~ 5 mL, then hexane (10 mL) was added. The solvent was 




spatula to give 48 mg (85% unoptimized yield) of the yellow IrCl3(n-BuONO)(PPh3)2 
compound (4). IR (KBr, cm-1): νNO = 1625 m. Also: 3064 m, 2960 w, 2930 w, 2872 w, 
1484 s, 1434 s,1385 m, 1316 w, 1288 w, 1190 s, 1000 w, 934 w, 844 w, 745 s, 695 s. 1H 
NMR (CDCl3, 300 MHz): δ 7.45−7.36 (m, 15H, phenyl H), 7.17−7.14 (m, 15H, phenyl 
H), 3.58 (app dd, 2H, J = 6.3 Hz, J = 4.2, CH2), 1.40 (m, 2H, J = 7.5, CH2), 1.28 (m, 
2H, J = 7.5 Hz, CH2), 0.86 (t, 3H, J = 7.2 Hz, CH3). 
31P{1H} NMR (CDCl3, 121 MHz): 
δ −26.9 (s, 1P), −27.7 (s, 1P). Anal. Cald for C40H39 Cl3NO2P2Ir·0.5CH2Cl2: C, 50.21; 
H, 4.16; N, 1.45. Found: C, 50.15; H, 4.19; N, 0.21. 
 Reaction with ethyl nitrite (EtONO): To a CH2Cl2 (8 mL) solution of 
IrCl3(PPh3)2 (10 mg, 0.012 mmol) in a Schlenk tube at room temperature was added 
EtONO (0.01 mL) resulting in an immediate change in the color of the solution from 
yellow to pale-yellow. The mixture was stirred for 1h in the dark and then hexane (10 
mL) was added. The solvent was slowly removed under vacuum to give a pale-yellow 
residue that was manually transferred by a spatula to give a 8.3 mg (77% unoptimized 
yield of IrCl3(EtONO)(PPh3)2 (5). (Note: This reaction is reversible and high vacuum 
can remove the coordinated EtONO and reconvert the IrCl3(EtONO)(PPh3)2 compound 
to IrCl3(PPh3)2. Care should be taken when removing solvent under vacuum in this 
experiment). IR (KBr, cm-1): νNO = 1627. Also: 3065 m, 3056 m, 3005 w, 2958 w, 2929 
w, 2869 w, 1573 w, 1562 w, 1484 s, 1434 s, 1395 m,1317 w, 1265 w, 1190m, 1162 w, 
1093 s, 1028 m, 1001 w, 869 w, 746 s, 696 s. 1H NMR (CDCl3, 300 MHz): δ 7.43−7.29 
(m, 15H, J = 7.2 Hz, phenyl H), 7.17−7.12 (m, 15H, J = 7.8 Hz), 3.70 (t, 2H, J = 6.6 




4.2.4.4 Synthesis of IrCl2(η
2-O2NO)(PPh3)2 (6) 
The compound IrCl2(η
2-O2NO)(PPh3)2 (6) was obtained by exposure of a 
CH2Cl2 (5 mL) solution of IrCl3(n-BuONO)(PPh3)2 (4) (3 mg, 0.0036 mmol) to air and 
laboratory light resulting in the solution gradually changing color from pale-yellow to 
orange. A slow evaporation of CH2Cl2 solution of 4 over a three-day period afforded 
crystals of the compound IrCl2(η
2-O2NO)(PPh3)2 (1.5 mg, 48%). IR (KBr, cm
-1): νNO3 = 
1561 s, 1532 s, 1261 m, 1223 m. Also: 3066 w, 3053 w, 2964 w, 1483 m, 1392 w, 1319 
w, 1191 w, 1164 w, 1091 s, 1029 w, 1002 m, 802 m, 763 m, 748 s, 705 s, 692 s, 547.  
 
4.3 Results and Discussion 
4.3.1 Syntheses and Characterization 
The preparation of the mer- and fac-IrHCl2(PPh3)3 compounds have previously 
been reported.4,11,15-17 A modification of method by Morris and coworkers was used in 
this work as it provides a single isomer, viz. the cis,mer-IrHCl2(PPh3)3 product.
18 In a 
typical reaction, a mixture of IrCl3·3H2O and PPh3 was refluxed in 
iPrOH for 36 h 
(Scheme 4.1). It is critical that the reaction be stopped after 36 h to prevent the 
formation of the trans,mer-isomer.  
  
Scheme 4.1 Direct synthesis of compound 1 from readily available IrCl3·3H2O 
 
Synthesis by this modified procedure provided 82% isolated yield of only the 
cis,mer-IrHCl2(PPh3)3 isomer as judged by 




1H NMR spectrum of the product generated by this modified method displayed one 
signal due to Ir−H at −19.15 ppm (cf. −14.00 ppm in the trans,mer-IrHCl2(PPh3)3 
isomer).11 The 31P NMR spectrum of this pure cis,mer-IrHCl2(PPh3)3 displays two 
signals at −2.13 and −7.5 ppm (cf. −7.5 and −29.7 ppm in the trans,mer-
IrHCl2(PPh3)3).
11 IR (KBr) samples of the pure cis,mer-IrHCl2(PPh3)3 prepared in this 
work displayed a band at 2189 cm-1 (2184 cm-1, as Nujol) due to νIr-H and is consistent 
with that reported previously (Table 4.1). 4,11,15-17 The compound 1 is air-stable as a 
solid at room temperature for several months as judged by IR and 1H NMR 
spectroscopy. 
Table 4.1 IR spectral data of some neutral iridium hydride complexes 
Compound Ir−H Reference 
IrHCl(NO)(PPh3)2 2070 
19 













4.3.2 Reactivity of cis,mer-IrHCl2(PPh3)3 (1) 
4.3.2.1 Reaction of 1 with hydrides and chlorine gas 
It has been reported that the compound IrHCl2(PPh3)3 reacted with H2 (75 atm, 
100 °C) in the presence of KH to produce the pentahydrido bis-triphenylphosphine 
compound, IrHCl5(PPh3)2.
11 The PPh3 group in IrHCl2(PPh3)3 would then be displaced 
by phosphites. For example, IrHCl2(PPh3)3 reacts with P(OEt)3 to generate both 
IrHCl2[PPh(OEt)2](PPh3)2 and IrHCl2[P(OEt)3](PPh3)2 at 60% yield.




products of these reactions showed a shift of the νIr−H band to lower frequencies (Table 
4.1).  
Compound 1 also reacts with chlorine gas to produce the compound IrCl3(PPh3)2 
(2) in moderate yields (Scheme 4.2).20 A major impurity in this reaction is the 
compound IrHCl4(PPh3)2.  
 
 
Scheme 4.2. Reactivity of cis,mer-IrHCl2(PPh3)3 with Cl2 and NO. 
 
I have found that the yields of the desired compound 3 may be improved by 
reducing the exposure time of the IrHCl2(PPh3)3 precursor to Cl2 to 3 days. The 
impurity is soluble in benzene, and trace quantities of IrHCl4(PPh3)2 were removed 
from the desired compound 3 by trituration of the product with benzene. Compound 3 is 
stable in air as a solid. The IR (KBr) spectrum of 3 lacked the νIr-H signal due to the 




formation of pure 3. The ESI mass spectral data of 3 show a peak at 787.08 assigned to 
the fragment IrCl2(PPh3)2
+ (i.e. [M−Cl]+) peak. 
The 1H NMR spectrum of 3 shows that this compound is diamagnetic and it 
displayed proton signals at ~7.3 ppm for P-Ph group with no trace of 1H NMR signal 
due to Ir-H of the IrHCl2(PPh3)3 precursor. The 
31P NMR spectrum displayed a singlet 
at −27.45 ppm suggesting that the two PPh3 groups are in the same chemical 
environment. Based on this observation, it is likely that PPh3 groups in compound 3 are 
trans to each other in a trigonal bipyramidal arrangement as shown in Scheme 4.2. 
 
4.3.2.2 Reactions of 1 with NO 
In view of our laboratory’s long standing interest in the chemistry of NOx and 
related compounds, I investigated the reactivity of compound 1 with NO. The reaction 
of a CH2Cl2 solution of compound 1 with NO(g) at room temperature, followed by 
treatment with anhydrous ethanol produced the known compound IrCl2(NO)(PPh3)2 
(2)19 in 83% isolated yield. Not surprisingly, 2 lacked the νIr-H band at 2189 cm
-1, but 
displayed a strong νNO band at 1561 cm
-1, similar to the 1560 cm-1 band previously 
reported for the same compound.19 Note that this procedure of preparing 2 is more 
efficient and requires fewer synthetic steps as opposed to the previous procedure that 
require several synthetic steps.21 
The ESI mass spectrum of 2 shows a peak at m/z = 782.12 assigned to 
[IrCl(NO)(PPh3)2]
+ ([M−Cl]+). It is likely that the chloride was lost during mass 
spectrometry analysis of 2. Note that the compound [IrCl(NO)(PPh3)2]
+ (νNO = 1890 cm
-




halides to generate the neutral IrX2(NO)(PPh3)2 (e.g., the IrCl2(NO)(PPh3)2 species as 
shown in Scheme 4.2).19,22 It may be argued that both IrCl2(NO)(PPh3)2 and 
[IrCl(NO)(PPh3)2]
+ do co-exist in the sample, and that the former was generated during 
IR (KBr) sample preparation where Br− from KBr reacts with [IrCl(NO)(PPh3)2]
+ to 
produce the neutral IrClBr(NO)(PPh3)2 with νNO ~1560 cm
-1. This prompted us to 
obtain an X-ray crystal structure to confirm our proposed structure of 2. 
The X-ray crystal structure of 2 confirms that the compound is indeed 
IrCl2(NO)(PPh3)2; a similar crystal structure was previously reported by Ibers.
23 The 
solid-state structure of our compound 2 is shown in Fig.4.1 and it reveals a near-trigonal 
bi-pyramidal structure with the PPh3 groups in the trans positions and NO and the two 
chlorides as atoms in the trigonal plane. 
  
 




The Ir−N−O linkage is bent with a bond angle of 136.26(17)°. Note that this 
bond angle is larger than the 123(2)° obtained previously by Mingos in 1973 for the 
same compound.24 The N−Ir−Cl is 101.325(10)° and is smaller than Cl−Ir−Cl 
(157.35(2)) but all three angles around the Ir(Cl/NO) plane all add up to 360°. The Ir−N 
bond length in compound 2 is 1.910(2) Å and the Ir−P and Ir−Cl bond lengths are 
2.3456(4) and 2.3579(4) Å, respectively. The Ir−Cl bond distance is shorter than that 
obtained in [IrCl(CO)(NO)(PPh3)2] BF4 (2.343(3) Å)
25 and the Ir−I (2.666(3) Å) in 
[IrI(CO)(NO)(PPh3)2]BF4
26 (Table 4.2)  
Table 4.2. Selected bond distances (Å) and bond angles (°) in some iridium phosphine 
nitrosyl complexes. 
Compound Ir−N (Å) Ir−X(Å) Ir−P (Å) IrNO(°) NIrX Ref. 
IrCl2(NO)L2 (2) 1.910(2) 2.3579(4) 2.3456(4) 136.26(17) 101.325(10) this 
work 
[IrCl(CO)(NO)L2]
+Y 1.97(1) 2.343(3) 2.407(3) 124(1) 101.3(3) 25 
[IrI(CO)(NO)L2]
+Y 1.89(2) 2.666(3) 2.35(1) 125(3) 101(1) 26 
L = PPh3 
 
4.3.3 Reaction of IrCl3(PPh3)2 with Alkyl nitrites 
Compound 3 was found to be reactive with alkyl nitrites, n-BuONO and 
EtONO, producing the alkyl nitrite adducts, compounds IrCl3(n-BuONO)(PPh3)2 (4) 
and IrCl3(EtONO)(PPh3)2 (5), respectively. Reactions of compound 3 with the alkyl 
nitrites were performed in CH2Cl2 solutions and both IR and 
1H NMR suggest that these 
adducts are of the IrCl3(RONO)(PPh3) formulation. For example, the reaction of 
IrCl3(PPh3)2 with n-BuONO produced the compound 4 which has an IR (KBr) band at 
1625 cm-1 assigned to νNO. The assignment of this νNO band was supported by DFT 




(calculated νNO = 1645 cm
-1) (Fig. 4.3). The reaction of IrCl3(PPh3)2 with EtONO 
similarly yielded compound (5) with νNO = 1627 cm
-1. These IR bands are in the region 
of those of trans alkyl nitrites27 and are close to the νNO = 1612 cm
-1 band obtained for 
[Pd2Cl2(C10H12ONO]
28 (Fig. 4.4). Surprisingly, the compound [Pd2Cl2(C10H12ONO)] is 
the only metal-(RONO) compound whose crystal structure is known.29 
 
Figure 4.3. The calculated molecular structure of IrCl3(CH3ONO)(PPh3). The 










The 1H NMR spectrum of compound of 5 displays the peaks due to the phenyl 
groups at 7.43−7.12 ppm. Furthermore, a triplet was observed at 3.70 ppm and a quartet 
at 1.21 ppm for the CH3 and CH2 protons, respectively. These signals are shifted upfield 
from those of the uncoordinated EtONO ligand at 5.1 ppm and 2.3 ppm, respectively,30 
suggesting EtONO ligand coordination to the Ir center. Similarly, the phenyl proton 
signals of 4 were observed as apparent multiplets at ~7.4 ppm and 7.2 ppm. The signals 
due to the coordinated n-BuONO ligand in 2 were observed at the following positions: 
3.58 ppm (CH3), 1.40 ppm (CH2), 1.28 ppm (CH2), and 0.86 ppm (CH2). It is worth 
noting that the adducts IrCl3(PPh3)2(RONO) (R= Me, Et, Pr) were previously suggested 
to form via alkoxide-ion attack at the nitrosyl group of [IrCl3(NO)(PPh3)2]
+, and that the 
adducts were found to react with other ligands such as CO, NH3 and pyridine to 
displace the RONO ligand (Scheme 4.3). I note that the IrCl3(PPh3)2(RONO) adducts 
decomposed at 80°C to produce IrCl3(PPh3)2. 
 
 
Scheme 4.3. Alternate route for preparation of IrCl3(PPh3)2, its reactivity and 





A CH2Cl2 solution of 4 exposed to air for several days resulted in the conversion 
of 4 to the nitrate compound 6. The IR (KBr) of compound 6 displayed strong IR bands 
at 1561, 1532, 1261 and 1223 cm-1, and these bands are due to the coordinated η2-
nitrato group. The higher frequency bands are assigned to the asymmetric νNO2 and the 
lower frequency bands are assigned to the symmetric νNO2.
31 
Several attempts at crystallizing structure 4 were unsuccessful, instead orange 
crystals of IrCl2(η
2-O2NO)(PPh3)2 (6) were generated by a process probably involving 
the reaction of n-BuONO with O2, and/ or PPh3. Phosphorus reagents such as PPh3 can 
deoxygenate organic nitrites.32 Also, RONO could decompose to generate NO which 
can attack the IrCl3(PPh3)2 precursor. However, the fact that the 
1H NMR of the 
octahedral complex IrCl3(RONO)(PPh3)2 displayed the bands due to the coordinated 
RONO group suggests that the reaction pathway involving PPh3 did not occur, but that 
n-BuONO donated NO to IrCl3(PPh3)2 to generate IrCl3(NO)(PPh3)2. Metal-coordinated 
RONO and related complexes are known to decompose in solution to generate metal-
NO complexes.33,34 For example, the reaction of (por)Ru(CO) complexes with i-
C5H11ONO produces (por)Ru(NO)(O-i-C5H11) via initial coordination of RONO to Ru 
via the internal O atom followed by cleavage of the RO−NO bond to generate 
(por)Ru(CO)(OR) and NO. NO then displaces CO to give (por)Ru(NO)(O-i-C5H11). A 
similar sequence of reaction mechanism may be involved in the production of 6 from 3. 
It is necessary to note here that the nitrosyl intermediate was not observed in the 
reaction of IrCl3(PPh3)2 with RONO probably implying a fast decomposition of RONO. 
It is likely that IrCl3(NO)(PPh3)2 is octahedral with NO trans to one of the chlorides,
35,36 




oxygenated benzene solutions of Ir(NO)2(PPh3)2]
+ and IrCl2(NO)(CO)(PPh3) were 
previously converted to their nitrato compounds, Ir(NO)(NO3)(PPh3)2 and 
IrCl2(CO)(NO3)(PPh3), respectively,
37 by O2 attack on the coordinate NO group to 
generate a peroxynitrato group which then isomerized to the nitrato derivatives. It is 
likely that the exposure of a CH2Cl2 solution of IrCl3(n-BuONO)(PPh3) with O2 would 
follow a similar pathway as shown in Scheme 4.4. 
 
 
Scheme 4.4. Proposed mechanism of IrCl3(PPh3)2-mediated reduction of RONO to 
NO3. 
 
The proposed mechanism for the RONO reaction with IrCl3(PPh3)2 is likened to 
the proposed mechanism for oxidation of NO by oxyhemoglobin.9 In this mechanism 
(Scheme 4.4), the RO−NO bond in 4 is cleaved to generate the intermediate I which is 
probably in equilibrium with II. The Cl ligand trans to NO dissociates due to the trans 




Complex III then isomerizes to give 6. We were able to characterize the product 6 by 
X-ray crystallography. 
The solid-state structure of 6 is shown in Fig. 4.5 (top). The calculated 
molecular structure (by DFT) is shown in Fig. 4.5 (bottom). The molecular structure 




Figure 4.5. (Top) The X-ray crystal molecular structure of 6. Hydrogen atoms have 




The molecular structures also reveal that the nitrato ion is coordinated to Ir via 
two of its oxygens in an η2-O2NO fashion
38,39 with a bite angle of 60.02(9)°. 
Importantly, the nitrato ligand is symmetrically bound to Ir and has equal Ir−O bond 
lengths of 2.173(2) Å. Two of the N−O bonds, namely N−O(1) and N−O(2) have equal 
bond lengths (1.294(4) Å) and are longer than the N−O(3) bond (1.209(4) A) (Fig. 4.6), 
a feature that is not uncommon in nitrato structures (Table 4.3).40 
 
Figure 4.6. Symmetrical η2-O2NO coordination in 6. Bond distances: a = 2.173(2) Å; b 
= 1.292(4) Å; c = 1.209(4) Å. 
 
The bond angle, O1−N−O2 = 114.5(3)° is less than those of O1−N−O3 and 
O2−N−O3 (122.7(3)°). Thus, the X-ray crystal structure confirms the structure of 4 
and bonding parameters parallel those of other symmetrically coordinated η2-O2NO 
complexes.39 Selected structural data of 6 and other η2-O2NO complexes are shown in 
Table 4.3. Note that the bonding parameters obtained for compound 6 by DFT 











Table 4.3. Bond distances (Å) and bond angles (°) in selected η2-O2NO bound iridium 
complexes. 














































































The redox behavior of compound 4 was investigated using cyclic voltammetry. 
The voltammogram of 4 in CH2Cl2 with 0.1 M NBu4PF6 as support electrolyte at scan 





Figure 4.7. Cyclic voltammetry of IrCl3(n-BuONO)(PPh3)2 (4) illustrating the reduction 
behavior. Conditions: 1 mM of analyte ,0.1 M NBu4PF6 ,scan rate of 0.2 V/s, room 
temperature. 
 
The CV of 4 did not reveal any oxidation waves within the solvent limit, but 
displayed irreversible reduction peaks at −0.84 V and −1.40 V (vs. Ag/ AgCl). These 
reduction potentials are more negative than those obtained for IrCl3(PPh3)2L ( L = 2-
(phenylazo)pyridine, 2-(o-chlorophenylazo)pyridine) (E1/2 = − 0.30 and −0.41 V, 
respectively).45 Unlike 4, the CVs of the first reductions of IrCl3(PPh3)2L are reversible. 
Note that first oxidations at ~1.5 V have been observed in the CVs of [IrHCl2(PPh3)L] 
complexes.45 
We then performed IR spectroelectrochemical experiments to gain insight into 
the chemical identities of the electrogenerated products at the electrode surface during 
the first reduction of IrCl3(n-BuONO)(PPh3)2 (4). The difference IR spectra obtained 
during the first reduction shows a new band at 1712 cm−1. This band is in the range of 
νNO of linear M−N−O compound. We assign this band to νNO and we propose the 
compound II (Scheme 4.4) as the electrogenerated product. Note that in the related 
IrBr3(NO)(PPh3), a νNO = 1730 cm
-1 was observed. Thus, during first reduction the 




than that of [IrCl2(NO)(PPh3)2] probably because Cl is trans to NO in II. As already 
discussed in Chapter 1 and 2, electron withdrawing groups trans to NO cause a shift of 
the νNO to higher wavenumbers. 
DFT calculations (B3LYP/LANL2DZ) of the frontier orbitals in the model 
compound IrCl3(CH3ONO)(PPh3)2 were performed to confirm the site of reduction in 
compound 4. The LUMO of the model compound (Fig. 4.8, Left) suggests that an added 
electron during reduction would potentially occupy the IrN−O(R) region of the 
antibonding orbital, thus, cleaving the N−O(R) as already proposed in Scheme 4.4. The 
HOMO, on the other hand, shows high electron density around the two trans chloride 
ligands and oxidations may be outside those needed to oxidize the Ir(CH3ONO) moiety. 
 
 










In conclusion, the reactivity of the iridium(III) complex cis,mer-IrHCl2(PPh3) 
with NO has been investigated, and has shown to produce the previously reported 
IrCl2(NO)(PPh3)2 (2). Also, cis,mer-IrHCl2(PPh3) reacts with Cl2 to generate 
IrCl3(PPh3)2. The latter complex reacts with alkyl nitrites to generate the 
IrCl3(RONO)(PPh3)2 derivatives which react with molecular oxygen to generate the 
nitrato iridium(III) complex, IrCl2(η
2-O2NO)(PPh3)2 that has been characterized by IR 
spectroscopy and X-ray crystallography. This mechanism of RONO oxidation is likely 
similar to the proposed mechanism of action of NO oxidation by HbO2. IR 
spectroelectrochemistry of IrCl3(n-BuONO)(PPh3)2 reveals reductions centered on the 
n-BuONO ligand to generate the IrCl3(NO)(PPh3)2 intermediate. DFT calculations 
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CV  cyclic voltammetry 
dcpe 1,2-bis(dicyclohexylphosphanyl)ethane 
dmpe  ethylenebis(dimethylphosphine) 
dppe 1,2-bis(diphenylphosphino)ethane) 
dppen 1,2-bis(diphenylphosphino)ethylene 
dppf  1,1′-ferrocenediyl-bis(diphenylphosphine) 
PPIX protoporphyrin IX 
dppm 1,1-bis(diphenylphosphino)methane 





Hb hemoglobin  
Hh horse heart 
HOMO highest occupied molecular orbital 
Hox oxalic acid 
IR infrared 







MPPa pyropheophorbide-a methyl ester 
NBO natural bond orbital 
NMR nuclear magnetic resonance 
NRVS nuclear resonance vibrational spectroscopy 
OEP octaethylporphyrin 
OETPP 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin 
OSWV Osteryoung square wave voltammetry 










TiprPP  5,10,15,20-tetraisopropylporphyrin 
TTP 5,10,15,20-tetra-p-tolylporphyrin 
Tpy 2,6-bis(2-pyridyl)pyridine 
UV Ultra-violet 
 
 
 
